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This work reports on the development of novel carbon molecular sieve (CMS) membranes for 
desalination. The membranes were prepared by vacuum impregnation of precursor solutions 
containing phenolic resin into porous alumina tubes. Subsequently, the membrane tubes were 
calcined in an inert atmosphere, leading to the carbonisation of the resin impregnated into the 
porous alumina substrate. A systematic and parametric study was undertaken to investigate the 
effect of: (i) substrate porosity, (ii) precursor solution, (iii) vacuum impregnation time and (iv) 
carbonisation temperature on the performance of the resultant membranes. 
Abstract 
High quality CMS membranes were successfully prepared. High water fluxes were achieved using a 
pervaporation setup with values of 27 kg m–2 h–1 observed at 75 °C whilst delivering salt rejection 
in excess of 96% for a synthetic aqueous solution of 0.3 wt% NaCl chosen to represent brackish 
water. Increasing the salt concentration resulted in the water flux reducing, which was most likely 
due to salt concentration polarisation. However, the CMS membranes continued to perform well for 
processing sea water (3.5 wt% NaCl) at room temperature delivering water fluxes in the region of 
9.4 kg m–2 h–1 with a salt rejection close to 100%. The high performance given by the CMS 
membranes in terms of water fluxes are at least one order of magnitude higher than those reported 
for other inorganic membranes derived from silica or zeolites. 
One important finding of this work is that the water flux increased by a factor of 70 as the 
concentration of the phenolic resin precursor solution decreased from 40 to 1 wt%. This result 
indicates that high resin concentration led to a higher amount of carbonised resin in the porous 
substrate and a higher resistance to water diffusion. The precursor solutions with a low resin 
concentration allowed for the formation of ideal CMS structures, which polymerised into the inter-
particle pore domains of the porous alumina substrate. As such a molecular sieving structure was 
formed as it preferentially allowed for the diffusion of the smaller molecule water with a kinetic 
diameter of 2.6 Å, and to a higher degree rejected the passage of hydrated ions with sizes in excess 
of 7 Å.  
A second important finding is that the functionality of the carbonised resin plays a role in delivering 
CMS membranes with high performance. CMS materials carbonised at 500 °C still retained some 
functional aromatic groups which were hydrophilic and impacted on membrane performance. 
However, increasing the carbonisation temperature to 700 °C lead to optimal microporosity, 
enhanced surface area and reduced hydrophilicity as the functional groups were almost completely 
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removed. Further increases of carbonisation temperature to 800 °C resulted in the formation of 
larger, mesoporous structures and the unfavourable reduction of salt rejection. 
A third important finding is that best CMS membranes were prepared by longer vacuum times of 
300 to 600 s, instead of short times of 30 or 60 s. This result was unexpected as longer exposure 
times should and did increase the amount of resin impregnated into the porous substrate. This in 
turn should have led to higher resistance to water transport. However, this work shows that short 
exposure times are not sufficient for resin impregnation. Instead a thin film is formed upon contact 
with the porous substrate. Longer times are required for the solvent to break down the thin film to 
allow the resin to enter the porous substrate which is aided by the diffusion of the solvent from the 
precursor solution towards the low pressure region (i.e. the vacuum line). 
To explain the effect of CMS structure formation by vacuum impregnation, a systematic 
investigation was carried out to study the effect vacuum pressure as a function of the resin 
concentration in the precursor solution, vacuum time, mass balance of resin and solvent from the 
precursor solution, species retained in the tube (i.e. porous substrate) and species diffused through 
the tube. Based on this study, a model of CMS structure formation by vacuum impregnation is 
proposed which include two regions of (i) film formation and (ii) CMS structural impregnation into 
pores of the alumina substrate. 
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1.1. BACKGROUND 
Access to potable water is one of the major challenges facing our contemporary society. 
Desalination is a process in which dissolved salts and minerals are removed from saline waters to 
produce fresh water. Desalination processes to abate fresh water shortage on a large scale have been 
in place for more than 60 years (Miller 2003). Several technologies have been developed for 
desalination including the thermal-based multi-stage flash (MSF) and multi effect distillation 
(MED); and the membrane-based reverse osmosis (RO), membrane distillation (MD), and 
electrodialysis (ED). As leading desalination technologies, MSF and RO are reliable and mature; 
however, this also means their scope for scientific advancement is very marginal. 
Membrane technologies are desirable, particularly that their energy requirements are much lower 
than thermal based desalination processes. However, RO requires significant pre-treatment facilities 
and lacks the ability to deal with hot, oily or highly concentrated salt streams. Nowadays MD, 
which is a combination of thermal and membrane processes, is seen to have the potential to 
overcome some limitations of RO, especially processing brine at low temperatures and low 
pressures. Additionally, the possibility of using waste heat and renewable energy sources enable 
MD techniques to be integrated with other processes in an industrial scale. Although there has been 
some development of MD for desalination during the past decade, these have been generally 
focused on polymeric membranes which suffer from fouling and pore wetting issues. 
MD processes typically use porous hydrophobic polymeric membranes which act as a barrier for the 
bulk liquid while the water vapour can be transported through the membrane matrix. An ideal MD 
membrane should offer low resistance to mass transfer, high liquid entry pressure to keep the 
membrane pores dry, low thermal conductivity to prevent heat loss through membrane matrix, high 
resistance towards fouling and scaling, good thermal stability and high chemical resistance (Susanto 
2011). The most popular materials for MD membranes are usually various chemically resistant 
polymers such as polytetrafluoroethylene (PTFE), polypropylene (PP), and 
polyvinylidenedifluoride (PVDF). However, these polymeric membranes tend to suffer from 
swelling and fouling resulting in water flux decay and cannot deal with oily feed waters.  
Recently inorganic membranes have also been developed for MD. However, in contrast to their 
polymeric counterparts, the pore size of inorganic membranes is generally in the micropore region 
(dp < 2 nm), and these membranes operate as molecular sieves by allowing the diffusion of the 
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smaller molecule (water) and hindering the passage of the larger molecule (hydrated ions). 
Therefore, these inorganic membranes technically operate as pervaporation (PV) membranes in 
desalination. The number of publications of PV inorganic membranes is very limited with a few 
examples of silica membranes (Duke, Mee et al. 2007; Wijaya, Duke et al. 2009; Ladewig, Tan et al. 
2011; Lin, Ding et al. 2012), zeolites (Duke, O'Brien-Abraham et al. 2009; Drobek, Yacou et al. 
2012) and carbon (Gethard, Sae-Khow et al. 2011) . It should be pointed out that most of inorganic 
PV membranes deliver lower water fluxes than polymeric MD membranes. To become more 
competitive, inorganic membranes require significant performance improvements. On the other 
hand, inorganic membranes can be doped, functionalised and structurally modified for desalination 
applications. In view of the limited number of reports available in open literature, the scope of 
scientific advancement is large for PV inorganic membranes. 
1.2. RESEARCH APPROACH RATIONALE 
The first fundamental question raised was related to the most appropriate inorganic material from 
which to prepare PV membranes. The front runners were metal oxides such as alumina, zirconia 
and titania, functionalised molecular sieve silicas (MSS), zeolites and carbon hollow fibres. For 
particulate metal oxides structures such as alumina, it was reported that these membranes delivered 
low salt rejections (Duke, Mee et al. 2007) and cannot be used for desalination due to their 
inappropriate pore size which is too large for molecular sieving. The performance of zeolite 
membranes has been improved, though recently Drobek and co-workers (Drobek, Yacou et al. 2012) 
demonstrated that ZSM-5 zeolite membranes were unstable in desalination due to the ion exchange 
process of the salts and the zeolite cage. 
MSS structures are not stable when exposed to water, unless if the silica is functionalised (Duke, 
Diniz da Costa et al. 2006) Functionalisation of MSS for desalination have been reported using 
silica ligand templates (Duke, Mee et al. 2007), non-ligand surfactants (Wijaya, Duke et al. 2009) 
and tri-block co-polymers (Ladewig, Tan et al. 2011) and metal oxides (Lin, Ding et al. 2012). 
Although these works showed some stability improvements, the silica layer underwent quick 
densification within the first day, which caused a major reduction of water flux to the point where 
these membranes are no longer competitive against RO membranes. However, the carbonisation of 
the template or surfactant or the tri-block co-polymer proved an intriguing idea. All of these 
materials are carbon based and their carbonisation led to water flux improvement in the hybrid 
carbon silica matrix. 
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A logical extension of this was that pure carbon became an attractive material for the preparation of 
inorganic membranes for desalination. In principle carbon has a low affinity to water (low 
hydrophilicity), excellent heat resistance and high chemical corrosion resistance as well as easy 
synthesis and structural tailorability. It is worth mentioning that most carbon molecular sieve (CMS) 
membranes have been designed for gas separation (Ash, Barrer et al. 1970; Koresh and Soffer 
1987). CMS membranes can be prepared from a polymeric precursor on a porous substrate by heat 
treatment in an inert gas or under vacuum (Wang, Zeng et al. 1996). In addition, the polymeric thin 
film can be coated by different methods, namely ultrasonic deposition (Shiflett and Foley 2000), dip 
coating (Hayashi, Mizuta et al. 1997), vapour deposition (Wang, Zhang et al. 2000), spin coating 
(Fuertes and Centeno 1998) and spray coating (Acharya and Foley 1999). To prepare a defect-free 
carbon molecular sieve membrane, the coating procedure may need to be repeated (Linkov, 
Sanderson et al. 1994).  
Although the attractiveness of carbon is great, the preparation and use of CMS membranes for 
desalination application is not well understood. To address this important point, a phenolic resin 
was chosen as the carbon precursor. Resins are versatile thermo-setting carbon based materials 
which are easily solvated and relatively inexpensive to use. Resins can be solvated quite easily, thus 
allowing polymerisation of surfaces. Full characterisation of the carbonised resins delivered 
microporous structures suitable for molecular sieving applications in desalination. Importantly, 
these structures were attained at a carbonisation temperature of 700 °C, which was accompanied by 
a significant reduction of the hydrophilic functional groups from the resin precursor. Hence, the 
CMS structure became less hydrophilic and ideal to avoid pore wetting and the corresponding 
reduction in salt rejection.  
An important point of consideration is that the membranes should be produced by a simple process, 
preferably in a single step rather than several coating layers like silica membranes. Many coating 
process are technically complicated, so a conventional dip coating was initially considered in 
addition to a novel process of vacuum impregnation of the resin solution into porous substrates. The 
latter novel method proved capable of delivering high performance CMS membranes. However, the 
properties of the CMS membrane must be optimised at each fabrication step, namely precursor 
preparation, pre-treatment of the substrate, carbonisation process and post-treatment of carbonised 
membranes. Previous CMS membrane synthesis processes were mainly focused on polymeric 
membrane preparation and carbonisation steps to avoid the presence of cracks and large holes 
(Linkov, Sanderson et al. 1994; Sedigh, Jahangiri et al. 2000). However, the vacuum impregnation 
process for preparing carbon membranes has not been studied yet. In fact, the final membrane is no 
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longer pure carbon, but a combined structure containing alumina particles and CMS material by 
applying a vacuum impregnation method. It was expected that a high performance membrane can 
be prepared by tailoring the structure and properties of this novel membrane during the optimisation 
process. 
To shed further light on the CMS membranes prepared by vacuum impregnation, a systematic study 
was carried out to determine the effect of several parameters of interest in the membrane 
preparation. These were: (i) resin concentration in the precursor solution, (ii) vacuum impregnation 
time, (iii) carbonisation temperature, and (iv) substrate morphology. The optimisation of these 
parameters led to important but counterintuitive results related to the novel method of vacuum 
impregnation. It was originally hypothesised that longer vacuum impregnation times would result in 
more resin being drawn into the pores to be carbonised and consequently yielding a membrane with 
a greater effective thickness and a lower water flux. To the contrary, this was not the case, and 
longer vacuum impregnation time resulted in CMS membranes delivering remarkable properties, 
very high water fluxes between 20 and 30 kg m–2 h–1 and high salt rejections (>95%). The water 
fluxes are in the range of one to two orders of magnitude higher than other inorganic membranes for 
desalination such as silica or zeolite membranes.  
The best results achieved during the optimisation study came from membranes prepared with a low 
resin concentration (1 wt%) in the precursor solution, exposed to the longest vacuum impregnation 
time (600 s), carbonised at 700 °C, and prepared on alumina substrates with average pore sizes well 
around 140 nm. A Chemometric mathematical model was used to analyse the optimisation of the 
best membranes. A high correlation was found between vacuum impregnation time and permeance, 
thus confirming the counterintuitive findings. 
To this point, this thesis has proven that CMS membranes can have very high performance and that 
the preparation process by vacuum impregnation has been successful in tailoring CMS structures 
with pore sizes which allow for the preferential diffusion of the smaller molecule (water) whilst to a 
high degree hindering the passage of the larger molecule (hydrated ions). However, this work so far 
does not explain how the CMS structure is forming inside the porous alumina substrate. To address 
this fundamental question, a systematic investigation was carried out by carefully (i) measuring the 
vacuum pressure during resin impregnation, (ii) mass balance of resin and solvent during the 
vacuum impregnation process, and (iii) further characterisation by pycnometry, thermogravimetric 
analysis and scanning electron microscopy. Each one of these parameters was applied to the resin 
concentration and vacuum impregnation time. 
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This further systematic study proved to be very interesting and again delivered unexpected results. 
For instance, short vacuum times (30 s) were ineffective at forming the correct membrane 
morphology for high water fluxes, instead forming a thin film on the top of the substrate. However, 
as the vacuum impregnation time increased, this allowed for the top film to be dissolved by the 
action of the solvent that was being drawn through the membrane. Hence, the resin dissolved and 
then (re)deposited deeper into the pore domains of the substrate, before again being polymerised 
around the alumina particles. This was confirmed by the fact that resin could not be measured at the 
cold trap prior to the vacuum pump, where the collected liquid was pure solvent. Hence, the resin 
was actually trapped into the substrate pores, whilst the solvent was able to move through the 
structure. Analysis of the pressure change during this process found that the process was initially 
unstable (<90 s) as the resin began to be impregnated before reaching a steady-state (>90 s).  
Finally, to explain the counterintuitive and unexpected results obtained in this thesis, a mechanistic 
model is postulated regarding how the resin impregnation process occurs as a function of vacuum 
impregnation time and the resin concentration in the precursor solution. This postulation is 
accompanied by schematics of the mechanistic model. 
1.3. SCOPE AND RESEARCH CONTRIBUTION 
This thesis fundamentally and systemically investigates desalination using CMS membranes 
prepared by a novel vacuum impregnation method of phenolic resin into a porous alumina substrate. 
The goal of this research is to develop CMS membranes for desalination that will deliver high water 
fluxes and with correspondingly high salt rejections. More specifically, this thesis concentrates on 
the preparation methods to produce high performance CMS membranes through an optimisation 
process of its structure and chemical properties. Furthermore, influences of desalination operation 
conditions, such as feed temperature and salt concentration were also studied.  
The key technical contributions of this thesis are summarised as follows: 
• The first report of high performance CMS membranes prepared by a novel vacuum 
impregnation method, leading to outstanding performance of one to two orders of magnitude 
higher than other inorganic membranes (silica and zeolites) for desalination applications. 
• The counterintuitive finding that the longer vacuum impregnation time resulted in CMS 
membranes delivering remarkable performance, despite the amount of carbon being 
deposited into the porous substrate being higher than for short vacuum impregnation times. 
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This is contrary to the conventional wisdom that says the smaller amount of carbon would 
yield a thinner membrane and result in higher water fluxes, which is not the case here. 
• A mechanistic model is postulated to explain the effect of the vacuum impregnation time. In 
this model, the longer vacuum impregnation time allowed for solvent to dissolve the resin at 
the interface between the porous substrate and the precursor solution. This was only possible 
when using a lower concentration of precursor resin as higher concentrations induced too 
much crosslinking for the solvent to redissolve the carbon. This process resulted in the resin 
penetrating further into the porous matrix where polymerisation occurred. As a consequence, 
the phenolic resin spread evenly inside the porous substrate under a concentration and 
pressure difference. The effective membrane thickness and overall tortuosity was thus 
reduced and water flux likewise enhanced.  
1.4. STRUCTURE OF THESIS 
This thesis is structured into seven chapters. A brief summary of each chapter is given below. 
Chapter 1: Introduction 
A brief introduction on desalination processes and technologies is given. This is followed by an 
explanation of the research approach taken in this thesis and the key contributions to the field.  
Chapter 2: Literature Review 
This chapter reviews the current understanding of desalination processes and technologies, 
including an analysis of their advantages and disadvantages. The analysis points to knowledge gaps, 
particularly in relation to inorganic membranes for desalination. The review extends to the type of 
membrane materials that have been reported, focusing on potential appropriate inorganic materials. 
These proved to be carbon based, known as carbon molecular sieve (CMS) membranes, although 
they have generally been used for gas separation instead of desalination. Their preparation process 
was further reviewed.  
Chapter 3: Experimental  
This chapter describes all the experimental techniques and apparatus used within this research. The 
CMS materials and membranes synthesis methods, sample characterisation as well as the 
desalination processes are provided.  
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Chapter 4: Carbon molecular sieves derived from phenolic resin 
A systematic investigation is carried out to understand the functional and structural formation of 
CMS. A range of analytical techniques is used to characterise the CMS materials including Fourier-
transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), nitrogen and water 
volumetric and gravimetric sorption, and thermogravimetric analysis combined with mass 
spectrometry (TGA-MS). This study mainly focuses on the effects of carbonisation conditions on 
the resultant properties and structures of the CMS. The optimisation of the carbonisation conditions 
is determined for further development of the CMS membranes. 
Chapter 5: Preparation, testing and optimisation of carbon molecular sieve membrane for 
desalination 
This chapter investigates the effects of concentration of the precursor phenolic resin solution, 
vacuum impregnation time, carbonisation temperature and substrate morphology on the 
performance of CMS membranes. CMS membranes were successfully synthesised by a novel resin 
vacuum impregnation method into porous alumina substrates. The resin was subsequently 
carbonised to form CMS materials under a nitrogen atmosphere. The optimisation of the CMS 
membranes was assessed by testing the membranes under varying operational parameters including 
the feed salt water concentration and temperature. Finally the relation between the CMS membrane 
preparation method, desalination testing condition and membranes performance was assessed by a 
statistical “Principal Component Analysis” algorithm. 
Chapter 6: Formation of CMS membranes by resin vacuum impregnation 
This chapter further elucidates the mechanism behind the CMS membrane formation process via 
vacuum impregnation by again varying phenolic resin concentration and vacuum time. The pressure 
change on the vacuum line was monitored during the membrane fabrication process and the amount 
of resin remaining in the porous support is calculated based on a mass balance and TGA results. 
Pycnometry was used to determine the density of the CMS in loaded membranes (CMS plus 
alumina tube) and unloaded membranes (alumina tube only). A mass balance model is proposed 
and validated to determine the concentration of resin impregnated into the porous substrate. Finally, 
a mechanistic model of CMS structure formation by vacuum impregnation into porous substrate is 
postulated based of all experimental results and observations. 
Chapter 7: Conclusions and recommendations 
This chapter presents the overall conclusions and recommendations for future work. 
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ABSTRACT 
This chapter reviews the current understanding of desalination processes and technologies, 
including an analysis of their advantages and disadvantages. The analysis acknowledges the current 
supremacy of reverse osmosis membrane desalination, although also identifies that it cannot process 
oily, chemically aggressive or hot feed waters and frequently requires significant pre-treatment 
operations. Therefore this review identified other techniques including membrane distillation which 
could potentially overcome some of these issues. The review identified the knowledge gaps 
surrounding membrane distillation, particularly in relation to the fabrication and use of inorganic 
membranes for desalination. The review extends to the type of membrane materials that have been 
reported, focusing on potential appropriate inorganic materials which have so far included silica and 
zeolites. Carbon molecular sieve (CMS) membranes were identified as having significant potential, 
although they have generally been used for gas separation instead of desalination. Hence, 
appropriate precursors and fabrication techniques were reviewed and it was found that phenolic 
resins and vacuum impregnation techniques warranted further investigation in this thesis. In 
particular, the review identified that there were significant knowledge gaps around their preparation 
processes, membrane performance and the underlying structure-property relationships governing 
this behaviour. 
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2.1. INTRODUCTION 
Access to potable water is one of the major challenges facing our contemporary global society, 
borne out of increasing urbanisation and industrialisation, and likely to be exacerbated by 
developing problems of climate change and energy shortfalls (Elimelech and Phillip 2011). Indeed, 
the challenge is so great that the supply of fresh water will continue to cause problems in the 
coming decades (Shannon, Bohn et al. 2008). Fortunately, there are processes in place to improve 
accessibility to fresh water. Chief among them is desalination, the process of removing dissolved 
salts and minerals from seawater and brackish water, which has been successfully implemented to 
provide alternative source of clean water in many parts of worlds (Service 2006). There are 
currently a number of technologies which can be used for desalination including thermal processes, 
membranes and chemical desalination. 
Thermal based processes are well established, mature technologies which include multi-stage flash 
distillation (MSF), multi-effect distillation (MED) and vapour compression distillation (VCD). All 
thermal-based processes require heat input, to evaporate the water, which is typically provided in 
the form of steam and as such can be very energy intensive processes (Al-Shammiri and Safar 
1999). In addition, heat and saline water is an excellent recipe for corrosion which is a common 
problem for many thermal-based processes resulting in high capital and ongoing maintenance costs. 
However, thermal-based processes are very reliable and typically do not require significant water 
pre-treatment to deliver high quality potable water (Bandini and Sarti 1999; Banat, Abu Al-Rub et 
al. 2003; Safavi and Mohammadi 2009). MSF is the preferred technology, with a long history of 
commercial operation since 1950s, accounting for around 85% of all thermal based processes. The 
leading market position of MSF is demonstrated by typical plant capacities of ~76,000 m3 d–1 
(Wade 1993; Al-Wazzan and Al-Modaf 2001), although the world’s largest desalination (Jebel Ali, 
UAE) plant utilises MSF and produces ~820,000 m3 d–1. 
Membrane technology for desalination applications became a reality in the 1980s. Three decades 
earlier the concept of reverse osmosis (RO), where pressure is used to overcome osmotic pressure to 
force water through a semi-permeable membrane, was first discussed. Initially, the polymeric 
membranes used were relatively thick delivering low water fluxes per membrane area. However, 
with the advent of the Loeb-Sourirajan technique for producing asymmetric membranes with a thin 
‘skin’ layer (Loeb 1981), and later improvements in thin film composites, water fluxes were 
dramatically enhanced by reducing the effective membrane thickness. This also led to a major 
reduction in energy consumption, which is typically dependent on pump power, particularly for the 
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RO process. As a consequence of the reduced energy requirements, reduced capital costs, high 
quality potable water and modular system design, RO is generally the preferred process to build 
new desalination plants (Soltanieh and Gill 1981; Malek, Hawlader et al. 1996; Fritzmann, 
Lowenberg et al. 2007; Greenlee, Lawler et al. 2009). However, RO plants require significant water 
pre-treatment to limit membrane fouling and protect the RO membranes which have a typical 
lifetime of 2–5 years. Electrodialysis is an alternative membrane process that delivers high quality 
water with excellent water recovery although as the energy requirement is proportional to the salt 
concentration, its application is limited to brackish waters. Furthermore it is not efficient in the 
presence of colloids and organic matter (Adhikary, Tipnis et al. 1989; Press 2008). Membrane 
distillation (MD) is a combined thermal / membrane process which can deliver high salt rejection, 
operates at lower temperatures than convention thermal based processes, and does not require the 
high operating pressures of RO systems. On the down side water recoveries are generally low for 
MD systems as heat integration is more complex. Therefore, RO dominates the market place with 
typical plant capacity of ~20,000 m3 d–1 contributing to 41% of world desalination market (Miller 
2003; Committee on Advancing Desalination Technology and National Academies Press (US) 
2008) with the remainder being thermal based processes and additional minor contributions from 
MD and electrodialysis.  
RO is now a well-established, mature technology with only minor incremental advancements 
expected. However, MD is an embryonic technology in terms of desalination and has generally seen 
the utilisation of hydrophobic polymeric membranes with pore sizes ranging between 1 µm and 
10 nm (Lawson and Lloyd 1997). An interesting analogue of the MD process is pervaporation (PV). 
For polymeric membranes MD and PV are very different systems with the membrane performing 
very different roles. The membranes are porous and non-selective in MD, simply acting as a barrier 
to allow evaporation, whereas in PV the membrane is dense and actively selective, separating 
components out based on solubility or diffusivity parameters. However, the situation is conceptually 
different for inorganic membranes (Figure 2.1) where the membranes are always porous (as in MD) 
yet the pore size can be adjusted to allow the membrane to actively separate components (as in PV) 
based on their kinetic diameters. This is particularly true for silica, zeolites or inorganic carbons 
with pore sizes generally below 10 Å. These membranes currently deliver very low water fluxes 
(Duke, O'Brien-Abraham et al. 2009; Lin, Ding et al. 2012), at least one to two orders of magnitude 
below RO. If inorganic membranes can be developed with novel materials, structures and 
functionalities to improve water flux and maintain high selectivity, then the potential for scientific 
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advancement is significant. Hereinafter, this literature review focuses exclusively on inorganic 
materials for desalination via MD and PV. 
 
Figure 2.1: Schematic representation of desalination by (A) reverse osmosis, (B) membrane 
distillation and (C) pervaporation for inorganic membranes (Duke, O'Brien-Abraham et al. 2009). 
2.2. MEMBRANE DISTILLATION 
The first patent describing the MD process was filed in 1963 (Bodell 1963) and the first MD paper 
was published in 1967 (Findley 1967). However, the interest for MD faded away in favour of the 
high flux RO membranes. In early 1980s, academic interest in MD recovered with the advent of 
new membrane manufacturing techniques and new membrane materials. 
In principle, membrane distillation is a non-isothermal process where one side of the membrane is 
direct contact with a feed liquid phase whilst the other side leads to a vapour phase. The transport 
for the diffusion of molecules is always in the direction from the liquid to the vapour phase. In MD 
vapour-liquid equilibrium of the different components is not altered, and membrane pores should 
not be wetted by process liquids to avoid capillary condensation taking place inside the pores of 
membrane (Smolders and Franken 1989). Hence, MD requires the use of porous membranes instead 
of dense polymeric membranes as it is the case of RO. To avoid wetting of pores, MD membranes 
are generally hydrophobic. 
The MD process consists of three main consecutive steps: firstly, water and solute (if the solute is 
volatile) evaporate from liquid-vapour phase transition at the pore entrance on the feed side of the 
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membrane. Then the volatile components migrate through the pores of membrane towards the 
permeate side. Finally, the vapour is condensed and removed on the permeate side of the 
membrane. The principle of separation by MD is based on liquid-vapour equilibrium that controls 
the process selectivity. As a physical support for the vapour-liquid interface, the membrane in this 
process does not affect the selectivity. The driving force for migration of vapour molecules from 
high vapour pressure side (feed side) to the low vapour pressure (permeate side) is the vapour 
pressure difference across the membrane induced by the difference of chemical potential for the 
transported components. The driving force in MD can be induced by the temperature difference 
maintained between the feed and the permeate sides of the system (hence non-isothermal), or by 
lowering vapour pressure of water on the permeate side, such as using a vacuum pump in the 
permeate side. 
There are four configurations generally used for MD, as schematically displayed Figure 2.2. The 
first configuration and the most applied in MD is the direct contact membrane distillation (DCMD). 
In this configuration, the membrane is in direct contact with a colder permeate solution (in the case 
of desalination this is recirculated fresh water) compared to the hotter feed solution (Lawson and 
Lloyd 1996; Burgoyne and Vahdati 2000). The temperature difference between the hot feed and 
cold permeate initiates the driving force which is effectively a vapour pressure difference. 
Consequently, volatile molecules evaporate at the hot liquid/vapour interface, penetrate through the 
membrane pores, and condense in the cold liquid/vapour interface. The second configuration, the air 
gap membrane distillation (AGMD), contains a stagnant air gap interposed between the membrane 
and a condensation surface (Jonsson, Wimmerstedt et al. 1985). The third configuration is the 
sweeping gas membrane distillation (SGMD), in which vapour molecules are carried by a cold inert 
gas sweeping the permeate side of the membrane and then condensed outside of the membrane 
module (Basini, Dangelo et al. 1987). The last and fourth configuration is the vacuum membrane 
distillation (VCD), in which vacuum is applied in the permeate side of the membrane by a vacuum 
pump (Bandini, Gostoli et al. 1992). As the applied vacuum is lower than the saturation pressure of 
volatile molecules, the latter is separated from the feed solution and condensed outside of the 
membrane module. 
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Figure 2.2: Main configurations of MD. Image is modified from (Lawson and Lloyd 1997). 
The type of MD configuration utilised depends on the permeate composition, flux and volatility of 
the components of interest. Each one of the configurations has its merits and limitations for a given 
application. It is worth noting that the AGMD exhibits the lowest permeate flux. The DCMD mode 
is most studied because the condensation step is carried out inside the membrane module resulting 
in easy operation without the need of external condensers like in SGMD and VMD configuration. 
However heat loss by conduction through the membrane is lowest in VMD, owing to negligible 
heat transfer by conduction through the membrane and resistance of heat and mass transfer on the 
permeate side. Moreover, as VMD typically has a higher vapour pressure difference, higher fluxes 
are commonly observed. The downside is that VMD increases the risk for membrane pore wetting 
(Banat and Simandl 1994; Lawson and Lloyd 1996), which is highly undesirable as the feed 
solution passes through the membrane pores allowing saline feed to enter the permeate stream. Pore 
wetting of a membrane is typically unrecoverable as the low pressures required to evacuate the 
pores is unachievable in industrial scenarios. Importantly, for ultramicroporous inorganic 
membranes (dp < 10 Å) pore wetting is not a concern as the small pore size blocks the passage of 
salt ions regardless of the operating conditions. Although VMD is generally used at lab-scale only, 
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it seems very promising because of highest plant productivity, evaporation efficiency and the ability 
to be operated as a continuous process (Criscuoli, Carnevale et al. 2008). 
2.3. TRANSPORT PRINCIPLES 
MD is governed by conventional engineering concepts of heat and mass transfer. Typically this 
involves mass transfer of water vapour through a porous membrane, accompanied by heat transfer 
from the feed side through the membrane to the permeate side. Figure 2.3 illustrates temperature 
and concentration profiles as well as temperature polarisation and concentration polarisation which 
serve to reduce the driving force for water flux at the membrane surface below what would be 
expected by observing the bulk conditions. As such temperature and concentration polarisation play 
a key role in the operation of a membrane module for MD and PV. 
 
Figure 2.3: Temperature and concentration polarisation in VMD. 
Mass transfer in MD occurs by diffusive and convective transport of the volatile component (water 
vapour in the case of desalination) across the dry porous membrane due to the vapour pressure 
difference across the membrane. The whole process involves: (i) mass transfer from the bulk feed to 
the membrane surface, (ii) vapour transfer through the membrane pores, and (iii) mass transfer from 
the membrane surface at permeate side to the permeate. Heat transfer in MD usually is carried out 
in followed steps, namely: (i) heat transfer from the heated feed bulk across thermal boundary layer 
to the membrane interface (ii) heat for liquid vaporisation (latent heat) at surface of feed side is 
transferred through the membrane by conduction to the permeate side, and (iii) heat transfer from 
the membrane surface at permeate side to the permeate bulk across permeate boundary layer.  
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As previously mentioned, when the pore size is 10 nm to 1 µm (El-Bourawi, Ding et al. 2006), the 
membrane is non-selective and acts only as a barrier to allow a meniscus to form at the pore 
entrance. Figure 2.4 shows a cross-sectional view of a hydrophobic membrane (in VMD) with 
straight cylindrical pores (dp > 10 nm) and illustrates how the vapour-liquid interfaces are supported 
at the pore openings. 
 
Figure 2.4: Vapour-liquid interface in MD. 
The formation of the meniscus is fundamental to true MD processes and is governed by the Young-
Laplace equation which dictates the maximum pore size (based on contact angle, applied pressure 
and geometric shape factors) before pore wetting is observed (Lawson and Lloyd 1997). The actual 
process of mass transport occurs in the vapour phase so a combination of transport mechanisms 
may be present including viscous flow, Knudsen diffusion, surface diffusion and activated 
diffusion. This is true for all porous membranes regardless of whether they are polymeric or 
inorganic.  
As many inorganic materials used to prepare membranes such as alumina, titania, silica and zeolites 
are not hydrophobic the pore size must be tightly controlled to prevent pore wetting. Porous 
substrates derived from alumina generally have large pores in the region of 100 to 500 nm and 
whilst Duke and co-workers have demonstrated that these substrates deliver high water fluxes they 
also have correspondingly low salt rejection, which is a trademark of pore wetting (Duke, Mee et al. 
2007). Hence, inorganic membranes with large pore sizes and strong hydrophilic surfaces cannot be 
considered for desalination applications. However, when the membrane pore sizes are reduced to 
values around the micropore region (dp < 2 nm), the entire transport process changes. A meniscus 
no longer forms at the pore entrance and salt rejection is based on the physical size and charge of 
the solute ions and membrane pore size and pore surface charge. That is, separation is 
predominantly accomplished via molecular sieving mechanism (Geise, Lee et al. 2010) and the 
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process can be considered as PV rather than MD. In the case of microporous membranes derived 
from silica (dp < 5 Å) or zeolite (5 < dp < 10 Å), there are several reports (Li, Dong et al. 2004; 
Duke, Mee et al. 2007; Duke, O'Brien-Abraham et al. 2009; Wijaya, Duke et al. 2009; Ladewig, 
Tan et al. 2011; Drobek, Yacou et al. 2012; Lin, Ding et al. 2012) demonstrating that these 
membranes deliver higher salt rejection. This mechanism is based on pore size exclusion where the 
membrane acts via PV as selective barrier (Lin, Ding et al. 2012) between the water molecule 
(dk = 2.6 Å) and the hydrated salt ions (e.g. Na+: dk = 7.2 Å and Cl−: dk = 6.6 Å) (Lin and Murad 
2001; Li, Dong et al. 2004), thus allowing the separation of water and salt. 
In principle the transport of water vapour through micropores for the silica and zeolite membranes 
increase as a function of temperature, and could comply with an activated diffusion transport 
common in molecular sieve membranes. This phenomenon would be over and above the expected 
increase in vapour pressure gradient that would arise from an increased feed temperature. Activated 
transport for water has been observed in high temperature (>400 °C) steam investigations with 
doped silica membranes (Uhlmann, Smart et al. 2010), however the activated transport effect will 
be limited at most PV operating conditions for desalination (20–80 °C). Increasing feed bulk liquid 
pressure results in almost no water flux changes (Duke, Mee et al. 2007) as expected because 
changing the bulk feed pressure has a negligible effect on the vapour pressure of the feed. Overall 
the transport of water across the membrane should closely comply with Darcy’s law: 
𝑁 = 𝐾∆𝑃𝑜 = 𝐾�𝑃𝑓 − 𝑃𝑝�  (Eq. 2.1) 
Where the water flux (N) is proportional to the water vapour pressure (ΔP°) and a coefficient K, 
which are in turn temperature dependent. The vapour pressure is the driving force for water vapour 
diffusion, where Pf and Pp are the vapour pressures in the feed and permeate streams, respectively.  
The advantage of adopting a generalised form of the transport equation is that regardless of which 
mechanism is involved in the water vapour diffusion through micropores, the Darcy equation will 
model a general non-mechanistic flux (Phattaranawik, Jiraratananon et al. 2003) as it lumps the 
mass and heat transfer into a single coefficient which can be experimentally determined for each 
system. These modelling steps are provided as a means to understand how the membrane structure 
and functionality may influence flux and rejection but in and of themselves are outside the scope of 
this thesis. 
In PV separation processes, the pore sizes of inorganic membranes (3-5Ǻ) are too small for 
meniscus to be formed. Although PV is in principle similar to MD processes, this difference 
 
Chapter 2: Literature review 
 
 
20 
 
suggests that the transport of water molecules may differ. In PV inorganic membranes, the transport 
resistance is governed by the sorption equilibrium and mobility of water molecules as reported for 
silica membrane based on a molecular sieving mechanism (Pina et al. 2011, Duke et al. 2009). As 
such, water vapour diffuses through the membrane whilst the transport of hydrated ions is hindered. 
In a typical PV process, the membrane acts as a molecular scale selective barrier between the two 
phases which consist of the liquid phase in the feed and the vapour phase in the permeate side 
(Elma et al. 2012). The water vapour transport through the micropores of inorganic membranes can 
therefore follow a general principle of molecular transport as developed by Barrer (Barrer 1990) for 
intercrystalline transport as follows: 
𝐽 ≈ 𝐽𝑜𝑒𝑥𝑝 �
−𝐸𝑎
𝑅𝑇
�   (Eq. 2.2) 
Where J is the water flux (kg m-2 h-1), Jo is a pre-exponential flux, Ea is the apparent activation of 
energy, T is the feed temperature (K) and R is the universal gas constant. Substituting Eq. 2.2 into 
Fick’s Law, gives a temperature dependency flux Equation (2.3) in the Henry regime: 
𝐽𝑥 = −𝐽𝑜𝑒𝑥𝑝 �−𝐸𝑎𝑅𝑇 � 𝑑𝑝𝑑𝑥  (Eq. 2.3) 
where p is the water vapour pressure (Pa) and x is the membrane thickness (m). The driving force 
goes from the higher water vapour pressure in the feed side of the membrane to vacuum pressure at 
the permeate side. As the water transport is governed by sorption equilibrium, which is Qst the 
isosteric heat of adsorption (kJ mol-1) and Ed the energy of mobility or diffusion through the 
micropores of the inorganic membrane, the Ea is therefore calculated as: 
𝐸𝑎 = 𝐸𝑑 − 𝑄𝑠𝑡  (Eq. 2.4) 
Silica, zeolite and CMS membranes should in principles have similar Ed values as they have similar 
pore size sizes (3-5Å). The difference of transport between these materials will depend on sorption 
equilibrium or Qst. As silica and zeolite membranes tend to be hydrophilic, it is expected that water 
sorption will play a more significant role than in carbon materials which tend to impart 
hydrophobicity.  
2.4. MD AND PV MEMBRANE MATERIALS 
Materials properties play an important role in the performance of membranes for both MD and PV. 
In the case of MD, membrane porosity typically lies between 30 to 85% and the higher the 
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membrane porosity is, the higher permeate flux is for all MD configurations (Kimura, Nakao et al. 
1987; Schofield, Fane et al. 1990; Schofield, Fane et al. 1990). The surface chemistry of the 
membrane material is also important, and in the case of MD is preferably hydrophobic, although 
modified hydrophilic membranes have also been tested (Khayet and Matsuura 2003; Khayet, 
Mengual et al. 2005). Table 2.1 lists the performance for VMD reported in the literature. It is 
important to note that membranes are prepared in different shapes, membrane thicknesses, and are 
tested under varying conditions. Whilst Table 2.1 aims to list and compare the performance of a 
number of VMD membranes; caution should be taken in comparing different membranes and 
testing systems. 
Table 2.2 lists the performance conditions for inorganic membranes tested in a PV setup for 
desalination. Again there is a range of results depending on the materials used and the conditions 
which they are tested under. However, there are several interesting features of these results. Firstly, 
silica-derived membranes deliver excellent salt rejection but low water fluxes. As it stands, these 
membranes are not competitive against RO in terms of water fluxes, although on a positive note 
these membranes can process much higher salt concentrations in the feed water (e.g. brine) which is 
not possible via RO due to the excessively high operating pressures. Secondly, zeolite membranes 
delivered higher water fluxes than silica, but they were still low in comparison to RO membranes. 
Long term testing carried out by Drobek and colleagues (Drobek, Yacou et al. 2012) showed that 
ZSM-5 membranes were unstable due to ion exchange between the feed water salts and the zeolite 
cages. By comparison, silicalite membranes were found to be stable although they delivered similar 
fluxes to silica-derived membranes at higher salt concentrations.  
It is also interesting to note that many silica derived membranes were prepared with an organic 
phase acting as templates or ligands, which was later calcined an inert atmosphere to keep the 
carbon phase locked into the silica matrix. This principle is based on the fact that carbon imparts 
hydrophobicity and improves the stability of the hydrophilic silica. Given that carbon can also be 
formed into molecular sieving structures, the next logical step is to make a microporous membrane 
from pure carbon. However, there seem to gap in the literature in that there are no carbon derived 
membranes reported for desalination applications. As polymers or resins can be carbonised and 
easily used to prepare molecular sieve structures, it is warranted to pursue this line of inquiry as a 
research topic. 
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Table 2.1: Operating conditions and permeate fluxes in VMD for desalination. 
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Table 2.2: Operating conditions and permeate fluxes in PV for desalination. 
R
ef
er
en
ce
 
Si
lic
a 
– 
Ca
rb
on
is
ed
 T
em
pl
at
e 
M
ol
ec
ul
ar
 S
ie
ve
 S
ili
ca
 M
em
br
an
es
 
(W
ija
ya
, D
uk
e 
et
 a
l. 
20
09
) 
(W
ija
ya
, D
uk
e 
et
 a
l. 
20
09
) 
(W
ija
ya
, D
uk
e 
et
 a
l. 
20
09
) 
(L
ad
ew
ig
, T
an
 e
t a
l. 
20
11
) 
(W
ija
ya
, D
uk
e 
et
 a
l. 
20
09
) 
Si
lic
a 
– 
M
et
al
 O
xi
de
 D
op
ed
 S
ili
ca
 M
em
br
an
es
 
(L
in
, D
in
g 
et
 a
l. 
20
12
) 
(L
in
, D
in
g 
et
 a
l. 
20
12
) 
(L
in
, D
in
g 
et
 a
l. 
20
12
) 
Si
lic
a 
– 
H
yb
ri
d 
Si
lic
a 
M
em
br
an
es
 
(T
su
ru
, I
gi
 e
t a
l. 
20
11
) 
(T
su
ru
, I
gi
 e
t a
l. 
20
11
) 
(D
uk
e,
 M
ee
 e
t a
l. 
20
07
) 
Ze
ol
ite
 M
em
br
an
es
 
(T
su
ru
, I
gi
 e
t a
l. 
20
11
) 
(D
ro
be
k,
 Y
ac
ou
 e
t a
l. 
20
12
) 
(D
ro
be
k,
 Y
ac
ou
 e
t a
l. 
20
12
) 
 
Sa
lt 
re
je
ct
io
n 
(%
) 
86
/9
2 
84
/9
4 
91
/9
7 
90
/9
9.
8 
87
/9
7 
99
.7
/9
9.
9 
99
.5
/9
9.
9 
99
.5
/9
9.
9 
99
 
99
.9
 
93
.7
/8
3 
>9
9 
>6
0 
>9
6 
W
at
er
 fl
ux
 
(k
g 
m
–2
 h
–1
) 
3.
2/
1.
4 
2.
8/
1.
6 
3/
2 
1.
5/
1.
5 
6.
3/
4.
9 
0.
4–
0.
3 
0.
9/
0.
35
 
1.
8/
0.
55
 
3 34
 
4.
7/
2.
5 
0.
72
 
2.
0/
22
.0
 
1.
0/
11
.5
 
Fe
ed
 c
on
ce
nt
ra
tio
n 
ra
ng
e 
(w
t%
) 
Lo
w
er
/h
ig
he
r 
0.
3/
3.
5 
0.
3/
3.
5 
0.
3/
3.
5 
0.
3/
3.
5 
0.
3/
3.
5 
0.
3/
15
 
0.
3/
15
 
0.
3/
15
 
0.
2 
0.
2 
0.
3/
3.
5 
3.
8 
0.
3/
15
 
0.
3/
15
 
Te
m
pe
ra
tu
re
 (°
C
) 
20
 
20
 
20
 
20
 
20
 
20
 
50
 
75
 
30
 
90
 
20
 
80
 
20
–7
5 
20
–7
5 
M
em
br
an
e 
ty
pe
 
Io
ni
c 
C
6 
Io
ni
c 
C
12
 
Io
ni
c 
C
16
 
10
 w
t%
 P
EG
-P
PG
 
20
 w
t%
 P
EG
-P
PG
 
C
oO
xS
i 
  
B
TS
E 
B
TS
E 
M
TE
S 
ZS
M
-1
00
 
ZS
M
-5
 
Si
lic
al
ite
 
 
Chapter 2: Literature review 
 
 
24 
 
2.5. CARBON MOLECULAR SIEVE (CMS) MEMBRANES 
Koresh and Soffer pioneered the work on the development of carbon molecular sieve (CMS) 
membranes (Koresh and Sofer 1983) which initiated extensive research activity in tailoring of the 
micropores. CMS membranes were synthesised from different polymeric materials, including 
cellulose acetate, polyaramides and polyimides (Jones and Koros 1994) with pore sizes typically in 
the region of 3–6 Å (Geiszler and Koros 1996).  Therefore, whilst the literature has few examples of 
CMS membranes being used for desalination, the carbonisation of some polymeric materials does 
lead to the formation of suitable molecular sieving structures that have the potential for separating 
water from hydrated salt ions.  
The fabrication of CMS membranes derived from a suitable polymeric precursor consists of five 
main steps: (i) precursor selection, (ii) polymeric membrane preparation, (iii) pre-treatment of the 
precursor, (iv) carbonisation process, and (v) post-treatment of carbonised membranes. To meet the 
separation target or improve the separation performance of carbon membranes, it is important to 
understand all the fabrication parameters associated with each step and then choose and optimise 
the proper techniques for the chosen application. Suitable precursors for CMS membranes for 
desalination must be structurally stable during carbonisation; that is they must not liquefy or soften 
during heating. They should also not shrink or expand in such a way as to cause pin-holes or cracks 
to appear after the carbonisation. Carbon membranes have been produced from materials such as 
thermosetting resins, graphite, coal, pitch and plants, typically by carbonising (i.e. heating) under an 
inert atmosphere or vacuum (Liang, Sha et al. 1999). Synthetic polymeric materials that have been 
used include polyimide and derivatives, polyacrylonitrile (PAN), polyimide, phenolic resin, 
polyfurfuryl alcohol (PFA), polyvinylidene chloride–acrylate terpolymer (PVDC–AC), phenol 
formaldehyde, cellulose and others, as shown in Table 2.3. 
Table 2.3 demonstrates that there are a wide variety of precursors available for producing CMS 
membranes. In order to choose an appropriate precursor the relative advantages and disadvantages 
must be analysed with respect to desalination applications. Several commercial thermosetting 
polymeric precursors used in previous research to manufacture carbon membranes are compared in 
Table 2.4. 
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Table 2.3: Representative examples of carbon membrane precursors and carbonisation conditions. 
Precursor Configuration Carbonisation conditions (temperature; heating; hold times atmosphere) Reference 
PAN Hollow fibre 600 and 950 °C; 1 °C min–1; –; N2 (Linkov, Sanderson et al. 1994) 
Cellulose Hollow fibre 120-400 °C; 0.1–0.6 °C min–1; –; Ar (Gilron and Soffer 2002) 
Kapton 
polyimide Film 600–1000 °C; 10 °C min
–1; 2 h; vacuum or Ar (Suda and Haraya 1997) 
Phenol 
formaldehyde Tubular 800 °C /min; 50 °C min
–1; –; N2 (Steriotis, Beltsios et al. 1997) 
Phenolic resin Supported film 500-1000 °C; 5 °C min–1; –; vacuum (Centeno and Fuertes 1999) 
PVDC-AC Supported film 500-100 °C; 1 °C min–1; –; vacuum (Centeno and Fuertes 2000) 
PEI Supported film 800 °C; 0.5 °C min–1; –; vacuum (Fuertes and Centeno 1998) 
PFA Supported film 450-600 °C; 1 °C min–1; 60 min; – (Wang, Zhang et al. 2000) 
PFA Supported film 150-600 °C; 5 °C min–1; 0–120 min; He (Shiflett and Foley 2000) 
Polyimide Supported film 550-700 °C; 0.5 °C min–1; –; vacuum (Fuertes and Centeno 1999) 
Polyimide Supported film 700-800 °C; 5 °C min–1; 0 h; Ar (Hayashi, Mizuta et al. 1997) 
Polyimide Hollow fibre 600-1000 °C;  –; 3.6 min; N2 (Kusuki, Shimazaki et al. 1997) 
Table 2.4: Carbon membranes derived from different precursors. 
Precursor Configuration Advantages Disadvantages 
Polyimide and 
derivatives 
Supported film 
and hollow fibre 
Most stable classes of polymers, good 
precursor for glassy carbon 
membranes, high-melting point, high 
glass transition temperature 
Decomposes before 
reaching melting 
point 
Polyacrylonitrile 
(PAN) 
Porous capillary, 
porous hollow 
fibre 
High degree of molecular orientation, 
high melting point, a great yield of 
carbon, thermally stable, good 
mechanical properties 
Decompose below its 
melting point (317–
330 °C) 
Phenolic resin Supported film Inexpensive, producing carbon films 
with molecular sieve properties, high 
carbon yield after carbonisation 
N/A 
Polyfurfuryl 
alcohol (PFA) 
Supported ﬁlm A good precursor with simple 
molecular structure and formation 
mechanism, the produced CMSM has 
desirable properties such as a narrow 
pore size distribution and chemical 
stability 
Can be used as 
supported film only; 
does not have good 
mechanical and 
elastic properties to 
form thin films on a 
rigid support 
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Table 2.5: Carbon molecular sieve molecular membranes based on Novolak phenolic resin. 
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Table 2.4 shows that phenolic resins offer an inexpensive route to producing CMS membranes. This 
is important for desalination applications as the established technology (RO) is mature with 
inexpensive commercial membrane modules already easily obtainable. Therefore, any new 
technology must also be inexpensive in order to be economically as well as technically competitive. 
Furthermore the high carbon yield post-carbonisation indicates that, should a dip coating or vacuum 
impregnation technique be followed in this thesis, CMS membranes fabricated from phenolic resins 
will need fewer membrane layers. The chemistry of phenolic resins means there is a wide variety of 
possible options. Novolak, a common, commercially available formulation from Huntsman 
Chemicals, is reviewed in Table 2.5. 
The above tables show that thin films of polymeric or resin precursors can be coated onto porous 
substrates in the same manner as other inorganic materials. Many coating methods can be used 
including ultrasonic deposition (Shiflett and Foley 2000), dip coating (Hayashi, Mizuta et al. 1997), 
vapour deposition (Wang, Zhang et al. 2000), spin coating (Fuertes and Centeno 1998) and spray 
coating (Acharya and Foley 1999). Because of the shrinkage of the polymer material during 
pyrolysis, the coating procedure may need to be repeated until a defect-free carbon molecular 
sieving membrane is obtained (Linkov, Sanderson et al. 1994). Ideal polymeric solutions should 
produce a uniform distribution of material on different supports and not destroy or alter the support, 
while controlling the amount of material deposited on the surface (Acharya 1999). The support 
should be inexpensive, durable, showing good heat transfer ability, high chemical stability and 
compatibility with carbon (Chen and Yang 1994). Similarly, the coating process should be simple 
and reproducible.  
One interesting technique that has not been trialled for the fabrication of CMS membranes is 
vacuum impregnation. This process involves the drawing of the precursor solution through a porous 
structure to deposit the precursor either on the surface or in the pores of the support. The process is 
suitable only for forming membranes from viscous or colloidal solutions or for post treatment of 
existing membranes with an additional dopant (Lee, Yu et al. 2008; Zhao, Wang et al. 2013). The 
latter option has been reported for successfully homogeneously depositing silver nanoparticles on 
the internal and external surfaces of porous carbons (Zhao, Wang et al. 2013) or for depositing 
palladium nanoparticles on the surface of a microporous silica membrane (Lee, Yu et al. 2008). In 
both cases the uniformity of deposition and the ability to coat both the external and internal surfaces 
of a support where cited as positive benefits of vacuum impregnation. In theory, forming a CMS 
membrane inside the porous support may offer advantages over traditional thin-films such as 
protection from physical damage, a reduced need to recoat with additional layers to form the perfect 
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membrane; and if correctly fabricated, a thinner effective membrane thickness leading to greater 
fluxes. However, if incorrectly fabricated the CMS material may clog the pores and inadvertently 
increase the membrane thickness, reducing fluxes. As there are no reports of CMS membranes 
being fabricated by vacuum impregnation this is a significant research gap and one that this thesis 
will attempt to address. 
The pre-treatment step for polymeric membranes is carried out before carbonisation to ensure the 
stability of the polymeric precursor and the preservation of its physical structure (i.e. membrane 
geometry) during carbonisation (Liang, Sha et al. 1999). Pre-treatment can be performed by 
physical or chemical methods. The former frequently consists of stretching or drawing the polymer 
to align polymer chains or adjust mechanical properties which will affect the carbonisation process. 
This is typically only done for hollow fibre membranes where the manufacturing process is simpler 
(Schindler and Maier 1990). The latter employs chemical reagents such as hydrazine, 
dimethylformamide (DMF), hydrochloric acid and ammonium chloride to adjust the surface or bulk 
chemistry (Soffer, Rosen et al. 1989). The most important and popular pre-treatment method 
employed by previous researchers has been the oxidation treatment which involves heat treatment 
(200–400 °C) in an oxidising environment prior to the final carbonisation process (which typically 
occurs at a higher temperature) (Liang, Sha et al. 1999). Sometimes, in order to achieve the ideal 
CMS structure and functionality, the precursor is subjected to more than one pre-treatment method 
to achieve the desired properties. 
The carbonisation process involves heat treating the precursor in a controlled atmosphere (vacuum 
or inert) to the carbonisation temperature at a specific heating rate for a sufficiently long time 
(Schindler and Maier 1990). During carbonisation, the pore structure of carbon membrane is formed 
and hence control of this structure is important for the separating ability of the carbon membrane 
(Centeno and Fuertes 1999). During the carbonisation process, the initially cross-linked polymeric 
precursors may undergo further cross-linking, which can lead to the formation of disordered 
structures (non-graphitic carbons) with a very narrow porosity (Fuertes and Centeno 1999). This 
prevents the formation of large graphite-like crystals during carbonisation which may adversely 
affect separation performance. The carbonisation process removes most of the heteroatoms 
originally presented in the polymeric macromolecules, while leaving a cross-linked and stiff carbon 
matrix behind (Sedigh, Xu et al. 1999). Finally the resultant amorphous carbon material should 
exhibit a distribution of micropore dimensions (dp < 2 nm) with only short-range order of specific 
pore sizes, although as with all amorphous materials, pores larger than the ultramicropores may also 
be formed. The connection of the small pores and large pores forms an ink-bottle pore shape. These 
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larger mesopores connect the ultramicropore bottlenecks that perform the molecular sieving 
process, and therefore allow high fluxes to be attained (Vu, Koros et al. 2002).  
The properties of the final carbon membrane are significantly impacted by changes in carbonisation 
parameters, so adjusting the various process parameters will enable the separation requirements and 
targets to be met (Jones and Koros 1995). The factors that influence the carbonisation process are 
the carbonisation temperature, heating rates, hold times and atmosphere. If carbonisation is 
performed in inert gas, the effects of the gas flow rates, pressure and concentration should also be 
considered. Carbonisation temperature is the most important parameter that has a strong influence 
on the membrane structure and also affects the membrane properties in regards to separation 
performance (permeability and selectivity) and the transport mechanism/s for separation. Basically, 
the carbonisation process should be conducted in between the decomposition temperature of the 
carbonaceous precursor and its graphitisation temperature (generally about 3000 °C). Usually, 
carbonisation is carried out in the range between 500 °C and about 1000 °C, with the optimum 
temperature varying according to the type of precursor (Suda and Haraya 1997). Generally, a high 
carbonisation temperature will lead to a carbon membrane with greater compactness, higher 
crystallinity and density, and smaller average interplanar spacing between the graphite layers of the 
carbon (Tanihara, Shimazaki et al. 1999).  
Carbon membranes with varying degrees of porosity are obtained after carbonisation. In order to 
meet different separation needs and objectives, post-treatment methods can be used to adjust the 
pore dimensions and distribution and repair any defects and cracks in the carbon membranes 
(Liang, Sha et al. 1999).  Typical post-treatments include: post-oxidation, chemical vapour 
deposition (CVD), post-pyrolysis and the application of various coatings. Post-oxidation or 
activation is the most common as it usually increases the average pore size (Saufi and Ismail 2004). 
Post-pyrolysis is applied after post-oxidation in order to recover from an excessive pore 
enlargement (Soffer, Azaiah et al. 1997), although CVD can also be used to decrease the membrane 
pore size. As post-treatment techniques can be time consuming or, if used unwisely, damaging to 
the membrane, researchers will frequently attempt to tailor the inherent pore structure of the 
carbonaceous precursor into a suitable pore size range by controlling the thermal pre-treatment, 
although a final adjustment of the pore apertures by CVD is often necessary (Cabrera, Zehner et al. 
1993; Hayashi, Yamamoto et al. 1995). Coatings have also been used to repair defects in carbon 
membranes (Petersen, Matsuda et al. 1997). 
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2.6. SUMMARY 
Desalination is one of the most effective and available solutions for the current water crisis facing 
contemporary society. It is also one of the few available options that allow water resources to be 
protected against future effects of climate change. The current gold standard in desalination is 
reverse osmosis wherein water is forced through a semipermeable membrane against the osmotic 
gradient. However, RO requires significant pre-treatment and cannot process oily, chemically 
aggressive or hot feed waters and so alternatives need to be investigated. This review identified that 
membrane distillation is an embryonic technology with the potential to overcome many of the 
deficiencies of RO. In particular MD utilising inorganic membranes is a bourgeoning field of 
research. However, better membrane materials capable of higher water fluxes are required before 
MD is capable of competing with RO at an industrial scale. Of the inorganic materials available, 
carbon molecular sieves were identified as offering significant advantages over previously trialled 
silicas and zeolites; however CMS membrane development has focused almost exclusively on gas 
separation applications. Therefore, a significant research gap exists in the development of CMS 
membranes for desalination, which this thesis will attempt to address. 
Whilst CMS membranes can be derived from a wide range of precursors, much of the existing CMS 
research has focussed on the formation of CMS materials derived from polymers. A large number 
of polymeric precursors have been made into CMS membranes and some are commercially 
available. As a result, there is considerable research to understand the CMS synthesis process 
leading to CMS structures, though generally closely related to gas separation applications. In 
contrast, the literature on phenolic resin derived CMS materials is currently somewhat limited. 
Phenolic resin precursors are low cost alternatives to the expensive polymer precursors that also 
offer several advantages in terms of processability. Nevertheless, based on fundamentals of CMS 
synthesis, it is possible to manipulate the pre-treatment variables, carbonisation process parameters 
and post-treatment conditions to enhance the structural properties of phenolic resin derived CMS. 
As well as identifying a suitable CMS precursor, this review also identified a novel method of 
fabricating the membrane, known as vacuum impregnation. This technique has previously been 
used to deposit dopants (often as colloidal suspensions) onto and into a porous structure. The 
advantages include the homogeneity of the final deposition and the ability to create a membrane 
inside a porous support, effectively protecting the brittle inorganic material from damage. However, 
the review also identified that there are no current reports of vacuum impregnation being used to 
generate a CMS membrane and so this constitutes a significant research gap that will be addressed 
by this thesis. Finally, the fabrication process can influence the final CMS membrane morphology 
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and functionality and no literature exists to explain how vacuum impregnated CMS materials would 
form into a membrane, nor how the processing parameters would impact the final membrane 
performance. Hence, this research work will focus on the development of phenolic resin derived 
CMS membranes for desalination. 
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3.1. INTRODUCTION 
This chapter is concerned with the experimental aspects of this research. It starts with membrane 
preparation strategies, followed by the preparation procedure for carbon molecular sieves (CMSs). 
The fabrication and testing methods of carbon molecular sieve membranes (CMSMs) are then 
described with schematics of the experimental apparatus depicted for the pervaporation (PV) 
desalination process. The CMSs were characterised to study the carbonisation process and 
determine the optimal preparation conditions, by employing thermogravimetric analysis (TGA) 
including evolved gas analysis by coupled mass spectroscopy (TGA-MS), Fourier-transform 
infrared spectroscopy (FTIR) and N2 adsorption. Water adsorption experiments were designed to 
analyse the affinity between water molecular and the surface of the CMSs, which were conducted 
through water vapour studies on a thermogravimetric analyser and a custom-built gravimetric rig. 
Characterisation of the CMSMs was also carried out to understand the relationship between the 
preparation condition and desalination performance, achieved through scanning electron 
microscopy (SEM), TGA, helium pycnometery, and mercury porosimetery studies. Furthermore, 
the mechanism behind the CMSM formation process was elucidated by vacuum pressure, mass 
change of phenolic resin and solvent associated with characterisation during vacuum impregnation. 
3.2. PREPARATION STRATEGIES 
CMS membranes have been prepared in two main configurations, unsupported (capillary tubes or 
hollow fibres) and support membranes (flat or tubular) (Wang, Zeng et al. 1996). The supported 
carbon membranes are popular for practical use due to the serious brittleness of unsupported carbon 
membranes. Most synthesis methods for supported carbon membranes attempt to deposit a suitable 
carbonaceous layer starting with a thermosetting polymeric precursor on porous support (as shown 
in Figure 3.1A) by different methods, namely ultrasonic deposition (Shiflett and Foley 2000), dip 
coating (Hayashi, Mizuta et al. 1997), vapour deposition (Wang, Zhang et al. 2000), spin coating 
(Fuertes and Centeno 1998) and spray coating (Acharya and Foley 1999). However, these methods 
require several repetitions of the polymer deposition-carbonisation cycle in order to avoid forming 
cracks and large pores during carbonisation (Salleh, Ismail et al. 2011). It is therefore very difficult 
to balance the film thickness and the formation of a crack-free top layer, where the former affects 
the water flux while the latter decreases the separation capabilities. Therefore, novel asymmetric 
carbon molecular sieve membranes (shown in Figure 3.1B) have been designed for desalination, 
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prepared through an unconventional method of phenolic resin impregnation into alumina porous 
substrates via a vacuum pressure gradient. 
  
Figure 3.1: Configuration of a carbon membrane with a top layer (A, left); and configuration of a 
molecular sieve membrane (B, right). 
3.3. PREPARATION AND CHARACTERISATION OF CARBON 
MOLECULAR SEIVES (CMSs) 
3.3.1. Preparation of CMSs 
In this initial study, Novolak Resinox IV-1058 (Orica Chemicals) was mixed with hexamine and 
stirred continuously for 20 min, then left to react for 2 h at room temperature. Subsequently, the 
mixed solution was dried in air for 24 h and dried under vacuum for a further 24 h at 60 °C to 
remove the solvent and further cure, according to the study by Kita et al. (Kita, Maeda et al. 1997). 
Then the dried and cured phenolic resin was placed in the middle of a quartz tube and carbonised at 
a desired temperature for 1 h under a nitrogen atmosphere in a tube furnace using a heating rate of 
5 °C min-1. The resins were carbonised at temperatures of 200, 300, 400, 500, 600, 700, 800, and 
900 °C, respectively. The carbonised resins or chars were thereafter identified with the 
nomenclature CMS X, where the X represents the carbonisation temperature, i.e. CMS 200 was 
carbonised at 200 °C. 
3.3.2. Characterisation of CMSs 
3.3.2.1. Thermogravimetry of CMSs 
Thermogravimetric analysis (TGA) was performed on a Shimadzu TGA-50 Thermogravimetric 
analyser. Cured phenolic resin samples were heated from room temperature to 1000 °C with a 
heating rate of 1–5 °C min–1 in a platinum crucible. Heat treatment was conducted under high-
Top layer
Intermediate
layer
Substrate
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purity nitrogen or synthetic air flowing at 80 cm3 min–1. This technique was used to analyse how the 
gas atmosphere and heating rate affected the weight loss of the cured phenolic resin powder. 
3.3.2.2. Evolved gas analysis by thermogravimetry coupled to mass spectroscopy (TGA-MS) 
Thermal decomposition of the phenolic resin was carried out in a TA instrument thermogravimetric 
analyser (series Q500). Approximately 50 mg of dried and cured phenolic resin powder was heated 
in an open platinum crucible at a rate 5.0 °C min–1 from ambient up to 1000 °C in a flowing 
nitrogen atmosphere (80 cm3 min–1). The TG instrument was coupled to a Thermostar (Pfeiffer) 
mass spectrometer for gas analysis. 
3.3.2.3. Fourier-transform infrared (FTIR) 
FTIR analysis was conducted on a Shimadzu IR Affinity-1 FTIR analyser with an ATR attachment 
over a range of 4000–400 cm–1. 
3.3.2.4. Nitrogen adsorption 
The nitrogen adsorption experiments were carried out on an ASAP 2020 System (Micromeritics 
Instrument Corporation) using the volumetric method to calculate the adsorbed amount of nitrogen. 
The samples were degassed at 200 °C for 24 h under high vacuum in the degassing section of 
apparatus. Then they were placed in the sample cell station and the experiment was carried out at 
77 K in a liquid nitrogen bath. 
3.3.2.5. Water adsorption 
Water adsorption for CMS samples were conducted by using TGA (elevated temperatures) and a 
gravimetric rig (ambient temperature). For TGA water adsorption analysis by using the Shimadzu 
TGA-50 Thermogravimetric analyser, the sample was placed inside of TGA furnace and degassed 
firstly under N2 atmosphere at 300 °C for 1 h. Then the samples were exposed to water vapour 
carried by pass feed nitrogen through a gas bubbler and held for 1 h at each pre-set temperature, 
decreasing from 100 °C to 20 °C in 10 °C increments with a cooling rate of 5 °C min–1. The gas 
bubbler and gas feed line into the TGA were kept at a constant temperature of 90 °C using a hot 
plate and heating tape, respectively. 
Water adsorption at ambient temperature was conducted on a custom-built gravimetric rig shown in 
Figure 3.2. Water vapour isotherms were obtained by monitoring the sample weight change relating 
to water adsorption measured at increasing pressure increments until the water vapour saturation 
pressure was attained (Nakahara, Hirata et al. 1974). Prior to the measurements, the samples were 
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degassed at 200 °C overnight. The sample was then placed in a chamber in which the relative 
pressure surrounding the sample was controlled, with the partial pressure change monitored by a 
pressure transducer. A small amount of pure water vapour was introduced through a tube connected 
to the sample chamber. After that, water vapour was released from tube into the sample chamber by 
turning on a valve. The mass change was calculated from the displacement of the spring which was 
monitored by a camera. 
 
Figure 3.2: Gravimetric rig for water adsorption. 
3.4. PREPARATION AND CHARACTERISATION OF CARBON 
MOLECULAR SEIVE (CMS) MEMBRANES  
3.4.1. CMS membranes preparation by vacuum impregnation method 
In this initial study, Novolak Phenolic resin IV-1058 (Orica Chemicals) was mixed with hexamine 
and then diluted to a certain concentration with methanol. Different types of porous cylindrical 
tubular substrates were used and their properties are listed in Table 3 1. The fresh phenolic resin 
membranes were obtained by using a vacuum impregnation process, as illustrated in Figure 3.3. The 
substrate, sealed at one side and connected to a vacuum pump on the other was immersed into the 
phenolic resin solution. A vacuum was then applied for a pre-set time to impregnate the porous 
substrate with phenolic resin. Afterwards, the substrate was withdrawn and the fresh phenolic resin 
membrane was air-dried for 24 h and then vacuum-dried at 60 °C for 24 h. Finally the cured 
phenolic resin membrane was carbonised for 1 h at a predetermined temperature between 200 and 
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900 °C under a nitrogen atmosphere with a heating rate of 5 °C min–1 and then cooled down to 
ambient with cooling rate of 5 °C min–1. 
Table 3 1: The properties of porous substrate for carbon molecular sieve membranes. 
CMS 
Membrane 
Substrate Material Mean pore 
diameter 
(nm) 
Dimension 
(mm) 
Length 
(cm) 
Pretreatment 
D-M Melbourne α-Al2O3 140* OD 9;  
ID 6 
5.22–5.27 Calcined at 
1350 °C, 2 h 
D-J Japan α -Al2O3 530* OD 12;  
ID 9 
5.75–6.3 Nil 
D-T TAMI 
Industries 
Support: 
TiO2; 
Outside: 
ZrO2-TiO2 
140* OD 10;  
ID 6.0 
6 Nil 
D-P Pall 
Cooperation 
α-Al2O3 600 OD 10;  
ID 6.5 
6 Nil 
* Determined by mercury porosimetery 
 
 
 
Figure 3.3: Schematic of the set-up for carbon molecular sieve membrane preparation by vacuum 
impregnation. 
In this study, the A, B and C series CMS membranes were derived from the Melbourne substrates 
(Ceramic Oxide Fabricators, Melbourne, Australia). At first, the Melbourne substrate was pre-
treated at 1350 °C for 2 h. Based on the preliminary results obtained from studying the CMSs, 
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several batches of membranes were prepared by varying precursor concentration and synthesis 
parameters. Carbon molecular sieve membranes annotated as CMSM-A01, A05, A10, A20 and A40 
were derived from precursor phenolic resin (PR) solutions from 1, 5, 10, 20 to 40 wt%, 
respectively. Carbon molecular sieve membranes CMSM-B30, B60, B90, B120, B300 and B600 
are prepared by prolonging the vacuum impregnation time from 30, 60, 90, 120, 300, to 600 s in 
phenolic resin solution (1% PR). Carbon molecular sieve membranes CMSM-C600, C700 and 
C800 are prepared by varying carbonisation temperature from 600 to 800 °C in 1% phenolic resin 
solution and vacuum for 600 s. Carbon molecular sieve membranes CMSM-D-X are synthesis by 
using different substrate, where the X represents the different substrate, i.e. CMSM-D-J was using 
Japanese substrate (supplied by Johnson Matthey in the UK). 
3.4.2. Characterisation of CMS membranes 
3.4.2.1. Scanning electron microscopy (SEM) analysis 
The surface morphological features of the carbon molecular sieve membranes were examined using 
a JEOL JSM-7001F SEM with a hot (Schottky) electron gun at accelerating voltage of 10 KV. One 
centimetre of the uncoated ends of the tubular substrates were removed and discarded. The 
membrane was then broken, with two segments selected for cross-section and surface 
measurements, respectively. The segments were then mounted on SEM stubs and platinum coated 
using a Baltec coating apparatus in high purity argon. 
3.4.2.2. Density, porosity and pore size distribution measurements 
Helium pycnometry 
Density and specific volumes of CMS membranes were measured with a AccuPyc 1340 Gas 
pycnometer at room temperature. One centimetre of the uncoated tubular substrate ends were cut 
off and discarded. The pycnometer uses helium (99.995% pure) to determine the volume of the 
sample, by measuring the pressure change of helium in a chamber of calibrated volume. As the 
sample mass has been specified by analytical weighing, the density is derived automatically. For 
analysis, the samples were initially purged with helium and then measured ten times. 
Mercury porosimetery 
Meso- and macropore size distribution via mercury porosimetry was performed on a Micromeritics 
AutoPore IV9520). For analysis, the mercury contact angle was set to 130 °C and the highest 
mercury intrusion pressure applied was approximately 400 MPa. 
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3.4.2.3. Thermogravimetric analysis (TGA) 
The weight of carbon infiltrated into the alumina substrate was analysed by thermogravimetric 
analysis (TGA). The coated membrane sections were ground and mixed completely. The sample 
powders were then heated to 600 °C and held for 1 h under air with a heating rate 5 °C min–1. 
3.5. MEMBRANE FORMATION 
3.5.1. Vacuum impregnation 
As previously described in Section 3.4.1, the substrate was sealed on one end while the other was 
connected to vacuum via a cryogenic vapour trap during the vacuum impregnation process. The 
inside pressure of the immersed substrate was monitored by using a MKS pressure transducer 
connected to a computer for data logging. Any liquid that passed through the substrate was 
collected in the cryogenically-cooled cold trap. The weight of this liquid and the weight of 
precursor solution before and after vacuum impregnation were measured by difference on an 
analytical balance. The concentration of the collected liquid and precursor solution were 
extrapolated from a UV-Vis calibration curve.  
3.5.2. UV-Vis 
A calibration curve was generated by measuring a series of phenolic resin solutions of known 
concentration on a UV-Vis spectrophotometer (Evolution 220, Thermo Fisher Sci.) over a 200–
800 nm wavelength region. 
According to the Beer-Lambert law, the relationship between the phenolic resin concentration and 
the absorbance of the solution was proportional at a measured λmax of 485 nm (𝐴 = 𝜖𝑏𝐶, where A is 
absorbance, b is the cell path length, C is the concentration and ε is the molar absorptivity of the 
analyte). The phenolic resin solutions and cold trap-collected liquids were diluted (as necessary) in 
methanol and measured by UV-Vis. 
3.6. DESALINATION EXPERIMENT BY CMS MEMBRANES 
3.6.1. Pervaporation (PV) setup 
The laboratory-scale PV experimental setup employed in this investigation is schematically 
depicted in Figure 3.4. Briefly, a tubular membrane was immersed into a tank of feed salt solution 
which was placed on a hotplate stirrer. Likewise to the vacuum impregnation process, one end of 
 
Chapter 3: Experimental 
 
 
44 
 
the tube was blocked and the other side was connected to a vacuum pump via a cold trap. The outer 
surface of the membrane, in direct contact with the feed solution was under atmospheric pressure, 
whereas the vapour permeate inside the support was removed under vacuum (1.5kpa) and collected 
in a cold trap. After weighing and measuring conductivity, the collected permeate was returned to 
the feed solution tank (a LabCHEM CP conductivity meter was used for conductivity 
measurements). The water flux state was reached between 20-30mins at room temperature. In order 
to minimise temperature and concentration polarisation, the feed solution and retentate were 
circulated in the tank with the assistance of a peristaltic pump and a magnetic stirrer. The feed 
temperature was controlled by the thermostatically-controlled hotplate stirrer and was varied in the 
range of 20–75 °C. Feed solutions with concentrations ranging from 1 to 15 wt% were obtained by 
dissolving an appropriate amount of NaCl (Sigma Aldrich) into deionised water. The experimental 
error for the water fluxes and salt concentration were ±6.5% and 0.6%, respectively.  
 
Figure 3.4: Schematic diagram of the desalination process. 
A series of experiments were conducted on the PV system to investigate the effect of salt 
concentration and temperature for different CMS membranes. The flux was determined by weight 
gain on the permeate side and was measured over a predetermined period after the membrane 
performance membrane reached steady state. Salt rejection was calculated by the conductivity 
difference of the permeate and feed. The permeation flux, Jv (kg m–2 h–1), was calculated from the 
following equation: 
𝐽𝑣 = ∆𝑊𝐴∆𝑡 (Eq. 3.1) 
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Where ΔW is the permeation weight collected over a predetermined time, Δt, of the PV process 
duration; and A is the effective permeation area, 𝐴 = 𝜋𝑑0𝐿 (based on the external diameter of tube 
membrane), where 𝑑0 is outside of tube membrane, and L is the effective length of tube membrane. 
The rejection factor β can be calculated by using the following equation: 
𝛽 = 𝐶𝑓𝐶𝑝
𝐶𝑓
× 100 (Eq. 3.2) 
Where Cp and Cf are the NaCl concentration in the bulk permeate and feed solution, respectively. 
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ABSTRACT 
This chapter focuses on the development and characterisation of carbon molecular sieve (CMS) 
materials derived from phenolic resins. Phenolic resins are high yielding, low cost polymers that are 
easily fabricated into a variety of geometries, making them ideal precursors for CMS membranes. In 
this work, the surface functionality, porosity and pore size tailorability of CMS materials, made 
from a Novolac resin, are explored as a function of carbonisation temperature. In addition the 
carbonisation process was studied through a combination of infrared spectroscopy, 
thermogravimetric analysis and mass spectroscopy. The major findings of this study were that the 
carbonisation process for Novolac resins occurs in four stages and follows similar reaction 
pathways to other phenolic resins previously studied and reported in literature. Samples calcined at 
500 °C and below had FTIR spectra with strong peaks in the fingerprint region (800–1600 cm–1) 
suggesting many of the functional aromatics remained within the resin matrix. These samples were 
also characterised by very low surface areas and porosities, being essentially dense. Above 500 °C 
many of these functional groups left the resin matrix as the carbonisation process continued, 
resulting in the creation of micro- and eventually mesoporosity as the carbonisation temperature 
increased. The surface area of the samples reached a maximum at 700 °C before reducing slightly at 
higher temperatures. Water adsorption studies evaluated the potential of four different CMS 
samples calcined at 500, 600, 700 and 800 °C and found that per unit mass the CMS700 sample had 
the highest water adsorption whilst per unit area the CMS500 sample recorded a water coverage 
four-fold higher than any of the other samples. This indicated that the hydrophilic functional groups 
still present in the CMS500 sample played a significant role in enhancing water adsorption across 
all relative pressures. Counterintuitively this effect was retained at saturation pressures, where the 
effect of functional groups is typically limited, for adsorption studies conducted at temperatures 
ranging from 20 to 100 °C. 
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4.1. INTRODUCTION 
Carbon molecular sieve (CMS) materials have been studied by several groups for different purposes 
and applications. CMSs have been derived from different precursors, including the pyrolysis of 
polymeric materials such as polyfurfuryl alcohol (PFA) (Chen and Yang 1994), polyvinylidene 
chloride (PVDC) (Centeno and Fuertes 2000), polyimides (Fuertes and Centeno 1998), and 
phenolic resin (Kita, Maeda et al. 1997; Steriotis, Beltsios et al. 1997; Centeno and Fuertes 1999; 
Centeno and Fuertes 2001; Fuertes and Menendez 2002; Wei, Hu et al. 2002; Centeno, Vilas et al. 
2004; Saufi and Ismail 2004; Zhang, Hu et al. 2006; Wei, Qin et al. 2007; Zhang, Hu et al. 2007; 
Gun’ko, Kozynchenko et al. 2008; Teixeira, Campo et al. 2011). The organic precursor and the 
pyrolisation process deliver carbon with different structures and functionalities. 
4.2. MATERIALS AND CHARACTERISATION 
Phenolic resins are commercial materials for numerous industries and high technology applications 
(Gardziella 2000). Phenolic resins are obtained by an acid- or base-catalysed step-growth 
polymerisation reaction substituting formaldehyde on the phenol's aromatic ring. This work initially 
investigated the CMS structural properties of two types of commercial resins: Resole and Novolac. 
Resole resins are synthesised under basic pH method with an excess of formaldehyde. Novolac 
resins are made using an acidic catalyst method with the molar ratio of formaldehyde to phenol of 
less than 1. During polymerisation, the reaction of the Novolac resin stops when the formaldehyde 
reactant is exhausted, often leaving up to 10% of unreacted phenol. In this initial investigation, the 
Novolac resin provided the best CMS structure in terms of pore size distribution. Hence, the Resole 
resin was no longer considered and this thesis focused entirely on the Novolac resin.  
 
Figure 4.1: Molecular structure of typical straight Novolac phenolic resin (n = 10–20). 
The Novolac resin is a linear chain condensation product (Wei, Qin et al. 2007). As shown in 
Figure 4.1, the phenol units are mainly linked by methylene groups and contain 10–20 phenol units, 
with a molecular weight in the low thousands. In order for the Novolac resin to become a hard, 
thermosetting resin during heat-treatment, it requires a solvent that also acts as a cross-linking 
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agent. The most common curing agent is hexamethylenetetramine (HMTA) or "hexamine" which 
forms methylene and dimethylene amino bridges to generate a three-dimensional reticulated 
structure at temperatures ≥180 °C (Gun’ko, Kozynchenko et al. 2008). 
4.2.1. Preparation of CMSs 
In this initial study, Novolak Resinox IV-1058 (Orica Chemicals) was mixed with hexamine and 
stirred continuously for 20 min, then left to react for 2 h at room temperature. Subsequently the 
mixed solution was dried in air for 24 h and then dried in vacuum for another 24 h to remove any 
solvents as reported by Kita et al. (Kita, Maeda et al. 1997). The dried and cured phenolic resin was 
placed in the middle of a quartz tube and carbonised at a desired temperature for 1 h under a 
nitrogen atmosphere in a tube furnace using a heating rate of 5 °C min–1. The resins were 
carbonised at temperatures of 200, 300, 400, 500, 600, 700, 800, and 900 °C, respectively. The 
carbonised resins or chars were identified with the nomenclature CMS X, where the X represents 
the carbonisation temperature, i.e. CMS 200 was carbonised at 200 °C. 
4.2.2. Characterisation of CMSs 
Thermogravimetric analysis (TGA) was performed on a Shimadzu TGA-50 Thermogravimetric 
analyser under synthetic air or high-purity N2 flowing at 80 cm3 min–1 from 25 to 1000 °C. Fourier-
transform infrared (FTIR) analysis was conducted on a Shimadzu IR Affinity-1 FTIR analyser with 
an ATR attachment over a range of 4000–400 cm–1. Nitrogen adsorption experiments were carried 
out on an ASAP 2020 System (Micromeritics Instrument Corporation) and using the volumetric 
method to calculate the adsorbed amount of nitrogen. The samples were degassed at 200 °C for 24 h 
under high vacuum. The degassed samples were placed in the sample cell station and the 
experiment was carried out at 77 K in a liquid nitrogen bath. Thermal decomposition of phenolic 
resin was carried out in a TA instrument incorporate with high-resolution thermogravimetric 
analyser (series Q500). The TG instrument was coupled to a Thermostar (Pfeiffer) mass 
spectrometer for gas analysis. 
4.2.3. Water vapour adsorption for CMSs 
Water adsorption was carried out using a Shimadzu TGA-50 Thermogravimetric analyser at 
temperatures range from 30 to 200 °C. Samples were placed in the TGA and degassed under a 
nitrogen atmosphere at 300 °C for 1 h. Then the samples were exposed to water vapour by passing 
the feed N2 through a gas bubbler. The gas bubbler and gas feed line into the TGA were kept at a 
constant temperature of 90 °C using a hot plate and heating tape respectively.  
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Water adsorption data were also obtained at room temperature using a custom-built gravimetric rig 
(Figure 3.2). A chamber was used to control the water relative pressure on the environment 
surrounding the sample. A small amount of pure water vapour was introduced by a tube which was 
connected with the sample chamber. Prior to the measurements, the samples were degassed 
overnight at 200 °C. Water vapour isotherms were obtained by measuring the mass change at 
several pressure intervals relative to the saturation vapour pressure. The mass change was calculated 
by the displacement of a high precision quartz spring for every change in the partial pressure. The 
spring displacement was monitored by a camera while the partial pressure was measured by a 
pressure transducer. 
4.3. RESULTS 
4.3.1. Thermogravimetric analysis 
The thermogravimetric analysis patterns for the cured Novolac phenolic resin under air and nitrogen 
atmosphere are shown in Figure 4.2.  
 
Figure 4.2: TGA result for phenolic resin in N2 and air at 5 °C min–1. 
The results show distinct thermal degradation behaviour of phenolic resin under both inert and 
oxidising gases. The main weight loss of phenolic resin calcined in air started at ~350 °C and 
finished at ~550 °C where the resin was completely oxidised. Hence, the oxygen in air reacted with 
all carbon compounds in the resin, forming CO2 and resulting in 100% mass loss. Contrary to these 
results, a sample from the same batch was carbonised under nitrogen, an inert atmosphere. A total 
weight loss around 44.1% at 900 °C was observed. The initial weight losses up to 100 °C were 
associated with physisorbed water. However, the other losses cannot be assigned to reactions with 
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oxygen, but are instead associated with the carbonisation and eventual thermal decomposition of the 
phenolic compounds. 
The thermogravimetric (TG) curve along with its first-order derivative (dTG) curve of the phenolic 
resin is shown in Figure 4.3. It was observed that overlapped decomposition steps could be divided 
into four stages as reported elsewhere (Kim, Kim et al. 2004). The first and second stages occur at 
temperatures up to 200 °C and between 200 and 400 °C, with mass losses of 6.5 wt% and 7.0 wt%, 
respectively. The third stage between 400 to 650 °C resulted in a large mass loss of 25.5 wt% which 
predominantly correlates with the majority of chemical decomposition and recombination reactions 
within the phenolic resin as it carbonises. During the fourth stage, a 5.1 wt% mass loss occurred 
from 600 to 850 °C. There is no obvious mass loss above 850 °C. The total mass loss was 44.1 wt% 
from room temperature to 1000 °C, suggesting a high yield of carbonised product. 
 
Figure 4.3: TGA of the cured phenolic resin under N2 atmosphere. 
4.3.2. TGA-MS 
The evolution of different volatile compounds during carbonisation was monitored by TGA-MS. 
Figures 4.4 and 4.5 show the MS trace of all the ions for the molecular components for atomic mass 
units (amu) ranging from 10 to 44 amu and 46 to 132 amu, respectively. At a first glance, positive 
identification of all the evolved gases is not easy based on the data because multiple different gases, 
which are simultaneously evolved under TGA, all fragment and contribute the same ions as 
observed by MS. The complexity is compounded by the nature of the ionisation, which not only 
causes fragmentation of the ionised gases but also of their relative isotopic species, in particular, 
fragments relating to C (amu 12 and 13), N (amu 14 and 15), and O (amu 16, 17, and 18) groups. 
Hence, one must bear in mind that the gas species observed in this study cannot be directly 
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attributed to a single ion identity. Rather several different fragmented species of the same atomic 
masses can overlap in tandem with their probable isotopes. For instance, evolved gases such as 
methane, ammonia and water overlap each other at 16 amu (CH4 and •NH2), 17 amu (NH3 and •OH) 
and 18 amu (H2O and 15NH3). Despite this, when the fragmented species along with its 
corresponding isotopes were observed without further interference, the profile of their curves 
generally follow a very similar pattern, for example, in the case of C16O2 (44 amu) and C16O18O 
(46 amu). Therefore, the process of separating and identifying the evolved species is a very 
challenging task. Table 4.1 lists the major possible evolved gases, based on previous literature 
(Chang and Tackett 1991; Wang, Jiang et al. 2009; Jiang, Wang et al. 2012) concerning all of the 
possible peaks as shown in Appendix B1. The proposed pathways from which these fragmented 
species were derived are also included in Appendix B2. 
Table 4.1: Intensity of volatile by-products. 
amu Molecular Formula Peak at temperature °C Amount of volatiles (order of magnitude) 
16 Ammonia; Methane 158, 227, 453–677 –10 
18 Water 76, 201, 411–638, 813 –9 
26 C2H2 
165–251 (double weak),  
397–655 (broad) –11 
28 Carbon Monoxide; Nitrogen 170, 392–1000 –7 
30 Formaldehyde 143, 375 –10 
31 Methanol 150 –10 
39 C3H3 362–601 (broad) –11 
42 C3H4 
239 (broad), 360 (weak),  
483 (broad) –11 
44 Carbon dioxide 150, 250, 480, 606 –10 
78 Benzene 404, 300–650 –11 
92 Toluene 170–650 –11 
94 Phenol 350–650 –11 
106 Xylene 404, 508 (320–610) –12 
108 Cresol 380–570 –12 
 
 
Chapter 4: Carbon molecular sieves derived from phenolic resin 
 
 
53 
 
Figure 4.4 shows the smaller volatile components mainly associated with the release of CH4, NH3, 
H2O, CO, CO2, H3CO•, C2H2, C3H3 and CH2O. On the other hand, larger volatile molecules 
involving phenyl and its derivatives, which are broadly classified into aromatic compounds (blue 
curves) and non-aromatic compounds (red curves) are clearly highlighted in Figure 4.5. These 
results show that the smaller molecules are observed across all temperature ranges, whilst the larger 
molecules are observed primarily at higher temperatures between 350 and 650 °C. In general, there 
are three major peaks observed in both figures that are associated with the release of decomposition 
products of the carbonisation process. They are assigned to water (18 amu), CO2 (44 amu) and 
methane (16 amu) for the lower molecular components, and benzene (78 amu), toluene (92 amu) 
and phenol (94 amu) for the larger molecular components. In the former group, water could be 
associated with physisorption with release at 76 °C, whilst the strong and large release at high 
temperatures (>350 °C) is related to the decomposition reactions of the aromatic polymer structures 
which are also released at the same temperature region. Likewise, CO2 and methane molecules 
follow a similar pattern of evolution as water for the same reasons. In addition, as shown in 
Figure 4.5, the intensity of the released aromatic compounds (blue curves) is seen to be much higher 
than those of the linear hydrocarbons (red curves) of the corresponding fragments.  
 
Figure 4.4: MS results for precursor over range of 16-46 amu. 
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Figure 4.5: MS results for precursor over range of 46–132 amu (A, top); MS results for precursor 
over range of 102–132 amu (B, middle); and MS results for precursor over range of 46–89 amu 
(C, bottom). 
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4.3.3. FTIR spectra of carbonised phenolic resins 
The chemical evolution of the carbonised resin as a function of temperature was investigated by 
FTIR analysis as shown in Figure 4.6. The FTIR spectrum obtained from the cured but 
uncarbonised phenolic resin shows a large number of peaks overlapping in the lower wavenumber 
regions. A table with the peak assignments (Socrates 2001) is displayed in Appendix B1 The cluster 
of peaks in the fingerprint region of interest shows strong signature bands of hydrocarbons. These 
include the C=C stretch of phenyl rings (1600–1500 cm–1), the dominant peak assigned to C–O 
stretching of the phenols (1300–1000 cm–1), and several other small peaks associated with the 
aromatic C–H bands. These FTIR results are in accordance with the representative spectrum of 
cured phenolic resins (Ouchi 1966; Morterra and Low 1985). 
 
Figure 4.6: FTIR spectrum of cured phenolic resin and phenolic resin carbonised at temperatures 
from 200 to 900 °C. 
As the carbonisation temperature reaches 300 °C, peaks observed near 1380 and 1000 cm–1 which 
are associated with O–H and C–O stretching of the phenolic rings respectively disappear. There is 
also a distinct band broadening between 1300 and 1100 cm–1. Further carbonisation up to 500 °C 
did not show major changes in the fingerprint region indicating that the functional groups were 
retained to some degree. However, a carbonisation temperature of 600 °C results in significant 
alterations in the phenolic resin. The majority of functional groups leave the matrix retaining only 
carbon. From 700 °C onwards, the bands in the lower wavenumber regions have almost disappeared 
indicating that there are no more functional groups attached to the CMS materials. 
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4.3.4. N2 Adsorption 
Initial N2 adsorption showed that samples carbonised at temperatures below 500 °C were generally 
dense, displaying low surface areas. As membrane films require pore opening for water diffusion, 
this work therefore focussed on samples carbonised from 500 to 800 °C as shown in Figure 4.7. The 
N2 adsorption isotherms of samples CMS500, CMS600 and CMS700 were classified as type I 
isotherms, which represent microporous structures (Rouquerol, Avnir et al. 1994). There is a rapid 
uptake of N2 adsorption at very low relative pressures (p/po < 0.5) followed by a constant saturation 
level. On the other hand, the sample CMS800 shows a type IV isotherm which represents 
micropores and mesopores materials (Rouquerol, Avnir et al. 1994; Ryoo, Joo et al. 2001). This 
type of isotherm has a hysteresis loop at 0.4 < p/po < 0.9, associated with the adsorption and 
desorption of nitrogen. Figure 4.7 also shows that the pore volume increased as the carbonisation 
temperature was raised from 500 to 800 °C. The BET surface area of the samples increased with 
temperature from 101 m2 g–1 (CMS500), 254 m2 g–1 (CMS600) and 343 m2 g–1 (CMS700), and then 
slightly reduced at 800 °C the surface area was 315 m2 g–1 (CMS800). 
 
Figure 4.7: Nitrogen adsorption isotherms for CMSs. 
In terms of CMS membrane synthesis and performance, parameters such as pore volume and 
surface area are very important, whilst pore size control is imperative to attain molecular sieving 
separation properties. Therefore, the N2 adsorption isotherms of the CMS materials were analysed 
by applying the DFT method. The results in Figure 4.8 indicate that CMS500 and CMS600 have 
bimodal pore distributions with peaks around 6 and 12 Å, respectively. CMS700 has a narrow pore 
distribution and mainly in the micropore region ~5.5 Å. CMS800 has a sharp peak at ~ 8.6 Å but 
also displays a broad distribution at the mesopore region between 20 to 80 Å. The appearance of 
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large pores at this calcination temperature is responsible for the hysteresis in the nitrogen isotherm 
in Figure 4.7. These large pores mean that CMS800 sample may not comply with molecular sieving 
principles for desalination separation as the pore size will be larger than the hydrated salt ions. 
  
 
Figure 4.8: Pore size distribution over range of 4-20 Angstrom (A, left) and over range of 4-85 
Angstrom (B, right) for samples carbonised between 500 and 800 °C. 
4.3.5. Water vapour adsorption of CMSs by TGA 
The water vapour adsorption data from 20 to 100 °C for CMS500, CMS600, CMS700 and CMS800 
are presented graphically in Figure 4.9.  
 
Figure 4.9: Water vapour adsorption data on carbon molecular sieve materials. 
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The water vapour adsorption was carried out at a vapour pressure of 3 kPa and as expected all 
samples showed decreased adsorption with increasing temperature. The amount of adsorbed water 
was insignificant when the temperature was above 40 °C; however this dramatically increased as 
the temperature decreased from 40 to 20 °C. At 20 °C the water vapour adsorption capacity of the 
CMS700 sample was highest while the CMS500 sample was lowest, with the difference in 
adsorption capacity calculated at 5.27 mmol g–1. This is consistent with the surface area of samples 
obtained by N2 sorption analysis. 
4.3.6. Water vapour adsorption of the CMSs by gravimetric rig 
The adsorption equilibrium data for water vapour at room temperature for CMS500, CMS600, 
CMS700 and CMS800 are presented graphically in Figure 4.10. The adsorption of water on 
CMS700 resulted in a type V isotherm with uptake beginning at a relative pressure of ~0.2. In 
comparison the adsorption of water on CMS500 and CMS600 resulted in type IV isotherms. With 
the exception of the CMS800 sample, the water adsorption on all samples decreased with increasing 
carbonisation temperature. As shown in Figure 4.10, there is critical point at relative pressure 0.4. 
Below this relative pressure the water adsorption increases slowly with CMS700 yielding the lowest 
water adsorption and CMS800 the highest. However, above a relative pressure of 0.4 the water 
adsorption for the CMS500, CMS600 and CMS700 samples rises sharply with CMS700 recording 
the highest final value. 
 
Figure 4.10: Water vapour adsorption equilibrium data on CMS materials. 
The CMS800 sample runs counter to these results with much higher adsorption at lower relative 
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both the density of hydrophilic functional groups on the internal surface and the surface area. The 
N2 sorption data indicate the surface area of the CMS800 sample is similar to the CMS700 sample 
in direct contrast to the water adsorption data. Similarly, the FTIR results indicate that at 800 °C the 
sample has been carbonised and that all functional groups that could enhance water adsorption have 
been decomposed or reacted away at this calcination temperature. It is possible that the higher 
carbonisation temperature at 800 °C formed micropores which cannot be accessed by nitrogen. The 
kinetic diameter of water (dk = 2.67 Å) is smaller than nitrogen (dk = 3.64 Å). Hence, these 
ultramicropores allowed water diffusion and consequently an increase of water adsorption at the 
lower relative pressures. 
4.4. DISCUSSION 
4.4.1. Carbonisation reaction mechanism 
The experimental findings and analyses (FTIR and TGA-MS) suggest that several compounds had 
decomposed during the carbonisation process, which involves four major evolutions. This is a 
complex decomposition process as major compounds are released at different temperatures. The 
observed evolutions from the TGA results occur at (i) up to 150 °C, (ii) between 150–400 °C, 
(iii) 400–650 °C and (iv) 650 °C onwards. This correlates very well with the FTIR and TGA-MS 
data. Hence the carbonisation process is analysed by combining these three analytical techniques. 
From the first stage up to 150 °C, there is a weight loss of 6.5%. The majority of the components 
remained constant indicating they are not being decomposed or reacted within the resin matrix. 
However, a few components show broader peaks in this region. For instance, physisorbed water 
was observed to be released between room temperature and 150 °C, which is a common effect of 
water adsorbed in microporous materials. It is interesting to also observe another broad peak 
associated with the release of CH3O• radical fragments of methanol, which was used as a solvent in 
the cross-linking process, from 50 to 275 °C peaking at about 150 °C. This peak is strongly 
associated with methanol desorption from the resin matrix. The desorption of methanol also 
correlates very well with the disappearance of FTIR bands near 1375 and 1000 cm–1 which are 
assigned to the C–H deformation vibrations of the CH3 group and to the strong C–O absorption 
respectively, as reported elsewhere (Socrates 2001; Sharma, Sharma et al. 2009), and providing 
more evidence that part of the mass loss is associated with methanol leaving the CMS material 
Stage 2 occurs between 150 and 400 °C where there is a steady loss of 7.0% observed in the TGA 
results. In this stage, further desorption of methanol is evident up to 280 °C which suggests that the 
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solvent is strongly associated with the cured resin, despite its low boiling point ≈68 °C. According 
to TGA-MS result in Figure 4.4, the onset of this loss is associated with the release of molecular 
fragments of methane and carbon dioxide with 16 and 44 amu respectively, both of which proceed 
in concert. The isotope of CO2 with 46 amu was also observed from 150 to 300 °C. Both of these 
two evolved gases are closely linked to the thermal decomposition of the phenolic resin due to 
oxidation in the presence of water and hydroxyl radicals as depicted in Appendix B1. Further mass 
loss is expected below 450 °C due to two condensation reactions between the phenyl derivatives as 
the resin undergoes thermocuring and decomposition. The main reaction between methylene and 
hydroxyl groups to form complex ring structures is favoured, especially at temperatures above 
340 °C, although a side reaction between hydroxyl groups to form ether bonds has also been 
observed as reported elsewhere (Yamashita and Ōuchi 1981; Manocha and Patel 2010). These 
results demonstrate there is a degree of decomposition preceding the carbonisation process. 
However, as these reactions still retain a large proportion of functional groups, there should be 
minimal chemical changes as evidenced by the FTIR in Figure 4.6 for samples carbonised below 
this temperature. Therefore the decomposition is minor and correlates quite well with the TGA 
results. 
The third decomposition stage commences near 380 °C and completes at 650 °C. This stage is 
characterised by several major decompositions of the phenyl derivatives as shown in TGA-MS data 
(Figure 4.5). These are related to the decomposed compounds from the backbone of the resin 
matrix, for example benzene (78 amu), toluene (92 amu) and phenol (94 amu). Of particular interest 
is the simultaneous release of minor compounds arising from the breakdown of linear hydrocarbons 
and aromatic structures such as C2H4O2 (64 amu), C4H10O (74 amu), C5H13O• (89 amu) and xylene 
(106 amu). The aromatic condensation process associated with stage 2 continues with further 
release of water, CO2 and CH4, which are common by-products during carbonisation. Besides the 
thermal decompositions, another process involving the condensation of aromatic structure that 
resulted in the release of these by-products is also occurring at the same temperature. However, this 
condensation process represents a minor mass loss in stage 3, as these hydrocarbons are much 
heavier compounds and their release from the resin correlates well with the largest mass loss of 
25.5% as shown in the TGA results. In addition, the decrease in intensity of the hydrocarbon 
fingerprint region in the FTIR spectra shows that their associated functional groups are being lost 
from the matrix as the temperature rises from 400 to 700 °C.  
The last stage of decomposition occurs above 650 °C where small molecular compounds such as 
water and CO2 are released alongside with a minor C16O18O isotope compound. This stage is 
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generally attributed to the further carbonisation and dehydrogenation reaction of the aromatic rings 
forming polynuclear carbon structures (Figure 4.11), which has also been reported for the synthesis 
of carbon molecular sieves from the pyrolysis of phenolic resins elsewhere (Horikawa, Hayashi et 
al. 2002; Wei, Qin et al. 2007) However, the weight loss of 5.1% in this stage is regarded to be 
minimal (Figure 4.3), and becomes insignificant for temperatures above 800 °C. 
 
Figure 4.11: The process of dehydrogenation reaction of the aromatic rings occurred in the final 
stage of carbonisation. 
4.4.2. CMS structural formation 
The structural evolution of the CMS materials derived from phenolic resins is closely associated 
with the carbonisation mechanisms as discussed in Section 4.4.1. The samples carbonised up to 
400 °C were characterised by having almost dense structures. These results correlate well with the 
TGA, TGA-MS and FTIR analysis, particularly in that no significant decomposition or 
carbonisation of the resin was observed at this stage. 
At a carbonisation temperature of 500 °C, the samples began to form porous structures, although the 
pore volumes and surface areas were very relatively small. Hence, above 400 °C the carbonisation 
process brings structural changes to the CMS materials as well as chemical decomposition and 
reorganisation. This correlates well with the decomposition of the main compounds from the 
backbone of the resin matrix such as benzene, toluene and phenol, accompanied by the release of 
other small molecular weight compounds as evidenced by the TGA-MS results. At this stage, there 
is a significant weight loss as indicated by the TGA results. However, it is interesting to observe 
that a large mass loss of ~12.7% between 400 and 500 °C corresponded with a large increase in 
surface area for the CMS500 sample, reaching a reasonable value of 101 m2 g–1. These results 
suggest the onset of structural modification, and the formation of micropores as evidenced by the 
nitrogen isotherms (Figure 4.7). 
From 500 to 600 °C, the TGA mass loss reduced to 9.9% whilst the surface increased significantly 
to 254 m2 g–1. The TGA-MS shows that the compounds with signatures associated with benzene, 
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toluene and phenol are the primary compounds leaving the CMS matrix suggesting that the loss of 
these aromatic compounds along with some linear hydrocarbons enhanced porosity. However, it is 
interesting to observe that the CMS600 sample was microporous with a bimodal pore size 
distribution at 6 and 12 Å yet the released compounds (Figure 4.5) are much larger than these 
dimensions. Therefore, the tailorability of the microporosity cannot be explained by the size of the 
leaving compound, analogous to a templating agent; rather it shows the densification of the resin 
matrix is a consequence of thermal effect. 
Raising the temperature to 700 °C resulted in 5% mass loss and the surface area correspondingly 
increased to 343 m2 g–1. The TGA-MS shows that the majority of the linear hydrocarbons have been 
completely released from the resin matrix, the aromatic compounds have begun dehydrogenation 
and as a result the sample CMS700 is almost fully carbonised. Hence the observed mass loss has 
seen the materials gain additional surface area and pore volume. The CMS700 sample remained 
microporous, with an average pore size of 5.5 Å. 
The last stage shows the creation of mesoporosity at 800 °C though the weight loss was very 
marginal at >2%. This stage is characterised by the complete carbonisation and dehydrogenation 
reaction of the aromatic rings which yields a fully carbonised sample. This reaction is therefore 
associated with the formation of mesoporosity, an increase in total pore volume and a small 
decrease in surface area to 315 m2 g–1. As the BET surface area is calculated at low relative 
pressures associated with the microporous region (p/po < 0.25), these results suggest a fraction of 
micropores opened leading to the formation of a mesoporous region. In effect the carbonised 
structure is now too inflexible to oppose densification and so any minor mass losses associated with 
dehydrogenation of the aromatic rings allows for the matrix to shrink and the pore size to broaden. 
These results are in line with carbonisation results for other synthetic and natural carbon precursors. 
Surface area and pore volume increases with temperature up to a particular temperature, after which 
pores collapse (Oberlin 1984; Laszlo, Bota et al. 2003). The temperature where this happens varies 
depending on the precursor, but maximum surface area can occur anywhere from 600 to 900 °C. 
The carbonisation process is very complicated with a combined change in the structure and 
chemistry of the carbon matrix. Whilst the surface area and pore volume show a maximum, an 
increasing temperature will always result in a more carbonised solid with fewer functional groups. 
The loss of functional groups with increasing heat treatment is well documented for a range of 
carbon precursors using a range of characterisation methods (Schaeffer, Smith et al. 1953; Fletcher, 
Uygur et al. 2007). 
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4.4.3. Water adsorption 
The gravimetric water adsorption results in Figures 4.9 and 4.10 were normalised by the sample 
mass. However, as the CMS samples are porous it can be informative to also normalise water 
adsorption by surface area. Figure 4.12A shows the water adsorption carried out at room 
temperature as a function of the partial pressure, whilst Figure 4.12B shows the equilibrium water 
adsorption data as a function of temperature. The results normalised by surface area show a very 
different picture compared to when the samples are normalised by mass. For instance, in 
Figure 4.10 the sample carbonised at 500 °C (CMS500) has water adsorption up to four-fold lower 
per mass than the CMS700 sample. However, when water adsorption is normalised by area in 
Figure 4.12B, the CMS500 sample has water adsorption 34% higher than the CMS700 at partial 
pressure of 1. Hence, it appears the CMS500 sample is significantly more hydrophilic than the other 
samples calcined at higher temperatures as their water adsorption coverage is comparably low. 
Similar trends are observed in terms of water adsorption as a function of temperature by comparing 
Figures 4.9 and 4.12A. The CMS600, CMS700 and CMS800 surface areas differ, but their water 
adsorption coverage is very similar suggesting that the surface chemistry for these samples is 
similar. The FTIR evidence presented in Figure 4.6 confirms that this is the case. 
Water adsorption is affected by both surface area and surface chemical properties (Do and Do 
2000). The water adsorption curves are of type IV, showing a very low water adsorption for partial 
pressures below 0.4. Of particular note, the samples calcined at higher temperatures (CMS600 and 
CMS700) show almost no water adsorption up to p/po= 0.4. After this relative pressure water 
adsorption did occur although at a much lower uptake than the CMS500 sample. This is contrary to 
the sample CMS500 where water adsorption increases significantly. These results strongly suggest 
the effect played by dangling hydroxyl groups, ether bonds among other aromatic, structures as 
discussed in the MS-TGA analysis. These compounds were evident at carbonisation temperatures 
up to 500 °C, though they were released from the backbone of the resin matrix from temperatures 
above 500 °C. 
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Figure 4.12: Water adsorption at room temperature as a function of partial pressure (A, top); and 
equilibrium water adsorption per surface area at 3 kPa water vapour pressure as a function of 
temperature (B, bottom). 
These results are in line with what is commonly seen for heat treated carbons. As the calcination 
temperature increases the amount of functional groups decreases. This is seen both on non-porous 
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(Schaeffer, Smith et al. 1953; Morimoto and Miura 1985) and porous carbons (Fletcher, Uygur et 
al. 2007). The change in the number of functional groups causes the isotherm to change shape in the 
reduced pressure region below 0.4. This has been observed experimentally with a number of carbon 
adsorbents (Morimoto and Miura 1985) and has been modelled using molecular simulation (Jorge, 
Schumacher et al. 2002). The modelling work shows that functional groups provide nucleation sites 
for clusters to grow and are necessary for the uptake seen at low pressure. As these groups 
disappear at higher treatment temperatures, the surface hydrophilicity decreases and water uptake or 
coverage is naturally lower.  
At higher pressures, once water clusters have been formed, the influence of functional groups is 
limited as they are already covered with water. The adsorption proceeds by increasing cluster sizes 
and then by filling pores (Mowla, Do et al. 2003; Ohba, Kanoh et al. 2004). This is shown by the 
small difference in the shape of the isotherms above a reduced pressure of 0.4 and the strong uptake 
in the reduced pressure region of 0.4 to 0.6. Despite the declining influence of functional groups 
once the water clusters have formed, the CMS500 sample water molecules adsorbed per unit 
surface area at saturation pressure was higher than other samples (Figure 4.12A). Well below 
saturation pressures, the influence of functional groups is persistent across a range of temperatures. 
This is shown in Figure 4.12B where the TGA results show that CMS500 has persistently higher 
adsorption all the way up to 100oC where the reduced pressure is 0.03 and the adsorption is 
negligible of CMS600/700/800. 
4.5. CONCLUSION 
The carbonisation of a Novolac phenolic resin was conducted across a variety of temperatures 
ranging from 200 to 900 °C. FTIR and TGA-MS data confirmed that the carbonisation process 
occurred in four distinct stages at (i) up to 150 °C, (ii) between 150–400 °C, (iii) 400–650 °C and 
(iv) 650 °C onwards. The first stage is characterised by desorption of water and the methanol 
solvent from the resin matrix. Materials formed at these temperatures have not been carbonised, 
retain all chemical functionality and are non-porous. The second stage is characterised by the onset 
of thermal decomposition of the phenolic resin as hydroxyl groups and methylene bridges in the 
larger, complex aromatic structures condense releasing water. This water is involved in the several 
oxidation reactions where CO2 and CH4 fragments are released from the matrix. Samples 
carbonised at these temperatures still retain much of their chemical functionality, including many 
that are associated with a hydrophilic character, and are still essentially non-porous.  
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It is only with carbonisation temperatures of more than 500 °C where significant porosity is created 
in the decomposing resin matrix. Indeed, between 400–700 °C there are significant functional and 
structural changes as the resin carbonises into a CMS material. As the phenol derivatives begin to 
break down in earnest many small chain hydrocarbons are released from the matrix, as seen by 
TGA-MS, with very few functional groups as seen by FTIR. At 700 °C the CMS materials have the 
highest surface area, largest microporosity and smallest pore size observed in this study. Above 
700 °C continued carbonisation generates mesoporosity as the carbon matrix continues to collapse, 
widening pores. These results are very much in line with other synthetic and natural carbon 
precursors where increasing carbonisation temperatures results in a loss of chemical functionality 
and increased surface area and pore volume up to a certain point, beyond which the pores begin to 
collapse. 
Water adsorption studies evaluated the potential of four different CMS samples calcined at 500, 
600, 700 and 800 °C and found that per unit mass the CMS700 sample had the highest water 
adsorption. In stark contrast, when the results were normalised against sample surface area, the 
CMS500 sample recorded a four-fold higher water coverage than any of the other samples. This 
indicated that the hydrophilic functional groups, such as hydroxyl groups, ether bonds and phenol 
derivatives, are still present in the CMS500 sample and play a significant role in enhancing water 
adsorption across all relative pressures. Counterintuitively this effect was retained at saturation 
pressures, where the effect of functional groups is typically limited, for adsorption studies 
conducted at temperatures ranging from 20–100 °C. 
4.6. REFERENCES 
Centeno, T. A. and A. B. Fuertes (1999). "Supported carbon molecular sieve membranes based on a 
phenolic resin." Journal of Membrane Science 160(2): 201-211. 
Centeno, T. A. and A. B. Fuertes (2000). "Carbon molecular sieve gas separation membranes based 
on poly(vinylidene chloride-co-vinyl chloride)." Carbon 38(7): 1067-1073. 
Centeno, T. A. and A. B. Fuertes (2001). Carbon molecular sieve membranes derived from a 
phenolic resin supported on porous ceramic tubes, Montpellier, France, Elsevier Science Bv. 
Centeno, T. A., J. L. Vilas, et al. (2004). "Effects of phenolic resin pyrolysis conditions on carbon 
membrane performance for gas separation." Journal of Membrane Science 228(1): 45-54. 
Chang, C. and J. R. Tackett (1991). "Characterization of phenolic resins with thermogravimetry-
mass spectrometry." Thermochimica Acta 192(C): 181-190. 
Chen, Y. D. and R. T. Yang (1994). "Preparation of carbon molecular sieve membrane and 
diffusion of binary mixtures in the membrane." Industrial and Engineering Chemistry 
Research 33(12): 3146-3153. 
Do, D. D. and H. D. Do (2000). "A model for water adsorption in activated carbon." Carbon 38(5): 
767-773. 
 
Chapter 4: Carbon molecular sieves derived from phenolic resin 
 
 
67 
 
Fletcher, A. J., Y. Uygur, et al. (2007). "Role of surface functional groups in the adsorption kinetics 
of water vapor on microporous activated carbons." Journal of Physical Chemistry C 
111(23): 8349-8359. 
Fuertes, A. B. and T. A. Centeno (1998). "Preparation of supported asymmetric carbon molecular 
sieve membranes." Journal of Membrane Science 144(1-2): 105-111. 
Fuertes, A. B. and I. Menendez (2002). "Separation of hydrocarbon gas mixtures using phenolic 
resin-based carbon membranes." Separation and Purification Technology 28(1): 29-41. 
Gardziella, A., Pilato, L. A., and Know, A. (2000). Phenolic resins: Chemistry, Applications, 
Standardization, Safety and Ecology. New York, Springer. 
Gun’ko, V. M., O. P. Kozynchenko, et al. (2008). "Structural and adsorption studies of activated 
carbons derived from porous phenolic resins." Colloids and Surfaces A: Physicochemical 
and Engineering Aspects 317(1–3): 377-387. 
Horikawa, T., J. Hayashi, et al. (2002). "Preparation of molecular sieving carbon from waste resin 
by chemical vapor deposition." Carbon 40(5): 709-714. 
Jiang, H., J. Wang, et al. (2012). "The pyrolysis mechanism of phenol formaldehyde resin." 
Polymer Degradation and Stability 97(8): 1527-1533. 
Jorge, M., C. Schumacher, et al. (2002). "Simulation study of the effect of the chemical 
heterogeneity of activated carbon on water adsorption." Langmuir 18(24): 9296-9306. 
Kim, Y. J., M. I. I. Kim, et al. (2004). "Comparative study of carbon dioxide and nitrogen 
atmospheric effects on the chemical structure changes during pyrolysis of phenol-
formaldehyde spheres." Journal of Colloid and Interface Science 274(2): 555-562. 
Kita, H., H. Maeda, et al. (1997). "Carbon molecular sieve membrane prepared from phenolic 
resin." Chemistry Letters(2): 179-180. 
Laszlo, K., A. Bota, et al. (2003). "Effect of heat treatment on synthetic carbon precursors." Carbon 
41(6): 1205-1214. 
Manocha, S. M. and K. Patel (2010). "Development of reticulated carbon foam: an attractive 
material." Journal of Pure and Applied Sciences 18: 98-101. 
Morimoto, T. and K. Miura (1985). "Adsorption Sites for Water on Graphite .1. Effect of High-
Temperature Treatment of Sample." Langmuir 1(6): 658-662. 
Morterra, C. and M. J. D. Low (1985). "I.R. studies of carbons-VII. The pyrolysis of a phenol-
formaldehyde resin." Carbon 23(5): 525-530. 
Mowla, D., D. D. Do, et al. (2003). Adsorption of water vapor on activated carbon: A brief 
overview. Chemistry and Physics of Carbon, Vol 28. L. R. Radovic. 28: 229-262. 
Oberlin, A. (1984). "Carbonization and graphitization." Carbon 22(6): 521-541. 
Ohba, T., H. Kanoh, et al. (2004). "Cluster-growth-induced water adsorption in hydrophobic carbon 
nanopores." Journal of Physical Chemistry B 108(39): 14964-14969. 
Ouchi, K. (1966). "Infra-red study of structural changes during the pyrolysis of a phenol-
formaldehyde resin." Carbon 4(1): 59-&. 
Rouquerol, J., D. Avnir, et al. (1994). "Recommendations for the characterization of porous solids." 
Pure and Applied Chemistry 66(8): 1739-1758. 
Ryoo, R., S. H. Joo, et al. (2001). "Ordered mesoporous carbons." Advanced Materials 13(9): 677-
681. 
Saufi, S. M. and A. F. Ismail (2004). "Fabrication of carbon membranes for gas separation––a 
review." Carbon 42(2): 241-259. 
Schaeffer, W. D., W. R. Smith, et al. (1953). "Structure and properties of carbon black - Changes 
induced by heat treatment." Industrial and Engineering Chemistry 45(8): 1721-1725. 
Sharma, K., S. P. Sharma, et al. (2009). "Novel method for identification and quantification of 
methanol and ethanol in alcoholic beverages by gas chromatography- fourier transform 
infrared spectroscopy and horizontal attenuated total reflectance-fourier transform infrared 
spectroscopy." Journal of AOAC International 92(2): 518-526. 
 
Chapter 4: Carbon molecular sieves derived from phenolic resin 
 
 
68 
 
Socrates, G. (2001). Infrared and Raman characteristics group frequencies: Tables and charts. West 
Sussex, John Wiley & Sons Ltd. 
Steriotis, T., K. Beltsios, et al. (1997). "On the structure of an asymmetric carbon membrane with a 
novolac resin precursor." Journal of Applied Polymer Science 64(12): 2323-2345. 
Teixeira, M., M. C. Campo, et al. (2011). "Composite phenolic resin-based carbon molecular sieve 
membranes for gas separation." Carbon 49(13): 4348-4358. 
Wang, J., H. Jiang, et al. (2009). "Study on the pyrolysis of phenol-formaldehyde (PF) resin and 
modified PF resin." Thermochimica Acta 496(1-2): 136-142. 
Wei, W., H. Q. Hu, et al. (2002). "Preparation of carbon molecular sieve membrane from phenol-
formaldehyde Novolac resin." Carbon 40(3): 465-467. 
Wei, W., G. Qin, et al. (2007). "Preparation of supported carbon molecular sieve membrane from 
novolac phenol-formaldehyde resin." Journal of Membrane Science 303(1-2): 80-85. 
Yamashita, Y. and K. Ōuchi (1981). "A study on carbonization of phenol-formaldehyde resin 
labelled with deuterium and 13C." Carbon 19(2): 89-94. 
Zhang, X., H. Hu, et al. (2006). "Effect of carbon molecular sieve on phenol formaldehyde novolac 
resin based carbon membranes." Separation and Purification Technology 52(2): 261-265. 
Zhang, X., H. Hu, et al. (2007). "Carbon molecular sieve membranes derived from phenol 
formaldehyde novolac resin blended with poly(ethylene glycol)." Journal of Membrane 
Science 289(1–2): 86-91. 
 
 
Chapter 4: Carbon molecular sieves derived from phenolic resin 
 
 
69 
 
4.7. APPENDICIES 
 
Figure A1: FTIR peaks for phenolic resin. 
 
500 1000 1500 2000 2500 3000 3500
 
 
Ad
so
rp
tio
n
Wavenumber(cm-1)
 
Chapter 4: Carbon molecular sieves derived from phenolic resin 
 
 
70 
 
Table B1: Vibrational assignment of Phenolic resin 
Region Peaks Functional group 
1600–1450 cm–1 
C=C ring stretching  
(1600, 1580, 1500, 1450 cm–1for 
standard) 
1609 Aromatic ring stretching components indicate 1,2,4- disubstitution 
1592 Benzene ring C=C stretching component, 1,2,6- disubstitution 
1500–1370 cm–1 
aliphatic deformation vibration 1506 Aliphatic deformation vibration 
1465–1340 cm–1 
C–H bending of aliphatic bridge 
structure 
1478, 
1454 C–H bending of aliphatic bridge structure 
1430 C–H bending of aliphatic ether 
1300–1000 cm–1 
C–O stretching of Phenol 1377 
Phenolic hydroxyl  –OH in-plane 
deformation 
1328 aromatic C–O stretch 
1270-1230 cm–1 
C–O stretching of diphenyl ether 
(Ar–O) 
1259 C–O typical of alky-phenols 
1230 C–O stretching of dipheyl ether structure 
1200 C–O, Diphenylene ether 
 1169 Stretching of phenol group 
 1140 Aromatic in-plane C–H deformation 
 1097 C–H aliphatic ether 
 1060 Aromatic in-plane C–H deformation 
 1002 Unreliable aliphatic CH2 wag 
880-680 cm–1 
C–H out of plane vibration varied 
with substitution 
 
809 
Aromatic C-H wagging modes:  strong 
band near 820 cm–1 for 1,4- and 1,2,4-
substitutions 
775 
Aromatic C-H wagging modes: 780–
740 cm–1 (strong), 1,2- and 1,2,6- 
substitution 
754 Aromatic C–H bending fingerprint 
730 C–H out of plane vibration 
–OH out of plane vibration of 
phenol 
665, 
686 OH out of plane vibration of phenol 
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Table B2: Intensity of volatile by-products 
amu Molecular formula Properties of intensity peak 
Amount of volatiles 
(order of magnitude) 
16 CH4 
158 °C, sharp; 227 °C, sharp; 
453–677 °C strong –10 
18 H2O 
76 °C, weak; 411–638 °C, strong; 
813 °C sharp –9 
26 C2H2 
165–251 °C, double, weak; 
397–655 °C broad –11 
28 CO2 or C2H4 170 °C, weak; 392–1000 °C, broad –7 
30 C2H6 or CH2O 
143 °C, sharp; 375 °C, shoulder, broad –10 
31 CH3O⋅ 150 °C, sharp –10 
39 C3H3⋅ 362–601 °C, broad –11 
42 C3H6 239 °C, broad; 360 °C, weak; 483 °C, broad –11 
44 CO2 
150 °C, weak, shoulder; 250 °C, sharp; 
480 °C, shoulder; 606 °C, strong –10 
46 C2H6O 
130–290 °C, double, weak; 
379–645 °C, strong –12 
54 C4H6 397–576 °C, sharp –12 
56 C4H8 143–547 °C, multi-peak –13 
58 C4H10 or C3H6O 
155 °C, shoulder; 219 °C,  sharp; 
392  °C, sharp –13 
60 C3H8O 471 °C, weak, broad –13 
64 C2H4O2 355 °C, weak; 399–601 °C, strong –12 
68 C5H8 402–567 °C, broad –12 
74 C4H10O 416 °C, weak, shoulder; 343–648 °C, strong –12 
78 C6H6 404 °C, weak, shoulder; 450–640 °C, strong –11 
82 C6H10 400–600 °C, weak –13 
86 C6H14 or C5H10O 
400–600 °C, weak –13 
89 C5H13O+ 400–60 °C, strong, sharp –12 
92 C7H8 400–600 °C, double, strong, sharp –11 
94 C6H6O 400–600 °C strong sharp –11 
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amu Molecular formula Properties of intensity peak 
Amount of volatiles 
(order of magnitude) 
102 C16H14O 404 °C, sharp; 515 °C, weak –13 
106 C8H10 404 °C, sharp; 512 °C, sharp –12 
108 C7H7OH 400–600 °C, single, sharp –12 
116 C5H11CO2H 406 °C, weak; 530 °C, weak –13 
118 C9H10 387 °C, sharp; 505 °C, shoulder, weak –12 
120 C9H12 200–600 °C, broad, multiple –13 
122 C8H9O 400–600 °C, sharp –13 
128 C10H8 559 °C, broad, weak –13 
132 C10H12 or C9H8O 
400–600 °C, broad –13 
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ABSTRACT 
This chapter focuses on the preparation of CMS membranes for desalination application. Initial 
works proved that the novel vacuum impregnation method produced CMS membranes with superior 
performance, and therefore was the selected method. The membranes were optimised as a function 
of: (i) the concentration of the resin in the precursor solution, (ii) the vacuum impregnation time, (iii) 
the carbonisation temperature, and (iv) effect of porous substrate. The substrates with large pore 
sizes generally provided undesirable pore domains for resin filling and formation of ideal structures 
for desalination application. The carbonisation temperature also proved to be important and 
followed the trends of bulk CMS characterisation in Chapter 4. The membranes became effective 
only when carbonised to 600 and 700 °C, thus following trends of increased microporous volumes 
and surface area, coupled with a reduction of undesirable hydrophilic functional groups in the resin 
matrix. Higher carbonisation temperature of 800 °C resulted in higher fluxes but lower salt rejection 
associated with the formation of mesoporous structures. The effect of the resin concentration in the 
precursor solution gave a clear trend that the higher the concentration of the phenolic resin, the 
lower the water flux, thus inducing higher resistance for water diffusion. Based on high water flux 
and high salt rejection, an optimised resin concentration of 1 wt% was attained. The effect of 
vacuum impregnation time gave counterintuitive results because in principle a shorter vacuum 
impregnation time should lead to a smaller mass of resin being impregnated into the pores of the 
substrate and therefore a higher water flux. It was originally hypothesised that longer vacuum 
impregnation times would result in more resin being drawn into the pores to be carbonised and 
consequently yielding a membrane with a greater effective thickness and a lower water flux. It is 
remarkable to observe CMS membranes delivering very high water fluxes between 20 and 
30 kg m-2 h–1 and high salt rejections (>95%) were attained by the CMS membranes prepared with 
vacuum times ≥ 300 seconds, reaching a maximum value of 27 kg m–2 h–1 for the B600 membranes 
at 75 °C temperature testing. In view of the micropore sizes, the CMS membranes operated as 
pervaporation membranes, by allowing the diffusion of water whilst hindering the passage of the 
larger hydrated ions. The high water fluxes are in the range of one to two orders of magnitude 
higher than other inorganic membranes for desalination such as silica or zeolite membranes. 
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5.1. INTRODUCTION 
This chapter is concerned with the preparation of carbon molecular sieve (CMS) membranes for 
desalination applications. Two types of coating techniques are developed namely: conventional dip 
coating and unconventional pore size impregnation. Upon coating alumina porous substrates, the 
membranes were carbonised and tested for water permeation at different salt concentrations and 
temperatures. Further, this chapter addresses CMS membrane optimisation, by investigating the 
membrane parameter synthesis where the carbon structure and support interaction delivers the best 
water flux and salt rejection. Parameters of interest include: (i) the concentration of the resin in the 
precursor solution, (ii) the vacuum time impregnation, (iii) the carbonisation temperature, and (iv) 
effect of porous substrate. Finally, an optimisation assessment is carried out to determine how these 
parameters interplay in the formation of tailored CMS structures delivering the optimal performance 
for desalination. 
5.2. INVESTIGATION OF FILM FORMATION 
The process of film formation was investigated by (i) dip coating and (ii) vacuum impregnation. 
Novolak Resinox IV-1058 (Orica Chemicals) was mixed with methanol to 40:60 wt% as coating 
solution. Porous cylindrical α-alumina tubes (Provided by Johnson Matthey from Japan) were used 
as substrates. Subsequently, the fresh phenolic resin coated membranes were air dried for 24 h and 
then vacuum-dried for 24 h. Finally these dried phenolic resin membranes were carbonised at 
700 °C for 1 h under nitrogen atmosphere with a heating rate and cooled down to ambient 
temperature, both at 5 °C min–1. The prepared CMS membranes were tested for desalination 
according to the experimental set up described in Chapter 3. 
5.2.1. Dip coating 
The α-alumina tubes were dip coated using a resin methanol solution with a dip and withdrawal 
speed of 10 cm min–1, and holding time of 2 min, following conventional dip coating procedures for 
sol-gel process for desalination application (Ouchi 1966; Schofield, Fane et al. 1987; Wijaya, Duke 
et al. 2009) The resultant coverage from the preparation of the CMS membrane, after carbonisation 
at 700 °C, was excellent as shown in Figure 5.1. The membrane surface was black and shiny, with 
no apparent defects or white patches from the substrate, thus demonstrating the fabrication of a high 
quality membrane as per visual inspection. Therefore, dip coating was carried out once only, 
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contrary to conventional dip coating for sol-gel membranes which require at least 2–4 dip coated 
layers to prepare defect free membranes (Sirkar, Shanbhag et al. 1999). 
 
Figure 5.1: CMS photo for a dip coated substrate. 
5.2.2. Vacuum impregnation 
The fresh phenolic resin membranes were prepared by using a vacuum–impregnation process as 
reported elsewhere (Kita, Maeda et al. 1997). The impregnation process consists of dipping a 
porous alumina substrate into phenolic resin solution. The substrate has one end sealed, whilst the 
other end is connected to a vacuum pump. Upon dipping, the vacuum pump was switched on for 
2 min. This allowed for the phenolic resin to impregnate the pore sizes of the outer shell of the 
substrate, whilst the solvent was drawn through the substrate to be evacuated by a vacuum pump via 
the inner shell. These membranes were subsequently dried in air and later under vacuum for 24 h 
each, to cure the phenolic resin in the substrate. The resulting membranes were then carbonised 
under the same conditions as the carbon membrane prepared by dip coating method. In contrast to 
the dip coated membrane, the surface of the final vacuum impregnated membrane was rough and 
dull as shown in Figure 5.2. 
 
Figure 5.2: CMS photo for a vacuum impregnated substrate. 
5.2.3. Results and discussion of dip coating versus impregnation 
In this initial exploratory work, two membranes were prepared using the two different methods 
described in Sections 5.2.1 and 5.2.2 from phenolic resin / solvent solutions at identical 
concentrations. Visual inspection of the resulting membranes showed that the dip-coated membrane 
displayed a more homogeneous coverage and had a smooth, shiny surface apparently unblemished 
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by defects or pin holes. By contrast the membranes prepared by vacuum impregnation did not 
display homogeneous coverage and had a rough texture associated with the alumina substrate. Thus 
it was hypothesised that the dip-coated membranes would prove more effective as they showed a 
better top thin-film formation.  
The performance of each membrane was assessed by measuring the membrane flux for pure water 
and a synthetic saline solution (NaCl 0.3 wt%) in a pervaporation set up as described in Chapter 3. 
The water flux results for both membranes are shown in Figure 5.3. It is observed that the water 
flux for the impregnated membrane was significantly higher than the dip coated membrane, by at 
least four times. The permeated water was tested for salt concentration, and both membranes 
delivered salt rejection in excess of 99.7%, thus indicating the production of high quality 
membranes. 
 
Figure 5.3: Water flux results of dip coated and vacuum impregnated membranes at room 
temperature. 
Although both membranes performed very well in terms of salt rejection, the flux of the dip coated 
membrane was very low. The dip coating method allowed for a thick and dense carbon layer to be 
formed on the top of the substrate, resulting in a higher resistance for the diffusion of water. On the 
other hand, the vacuum impregnation method allowed for the resins to be carbonised inside the pore 
structure, avoiding the formation of thicker carbon films. This result was particularly surprising as 
the lack of perfect film formation is often considered indicative of defective membranes. Yet in this 
case, as the membrane formed inside the pore structure of the substrate, a perfect top layer was 
unnecessary. Furthermore, this morphology conveyed a previously unexpected protective effect as 
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the vacuum impregnated membrane could not be damaged by scratches typically associated with 
poor manual handling. These initial exploratory results demonstrated that the vacuum impregnated 
phenolic membranes delivered superior performance, and therefore became the focus of further 
investigation and development. In particular the effect of resin concentration and vacuum 
impregnation time were chosen to optimise membrane formation. 
5.3. EFFECT OF RESIN CONCENTRATION ON VACUUM 
IMPREGNATED CMS MEMBRANES 
5.3.1. Membrane preparation and characterisation 
Several membranes were prepared by varying the concentration of phenolic resin in methanol from 
1 to 40 wt% as listed in Table 5.1. The membranes are identified as series “A” with the numbers 
indicating the concentration of resin in wt% used in the synthesis solution. Hence, A05 contains 
5 wt% of resin diluted in methanol. Representative SEM micrographs of the prepared membranes 
are shown in Figure 5.4. A general observation is that the resin impregnated the substrate for all 
prepared membranes. SEM images of membrane cross-sections show that there is no thin film 
formation on the top surface for all five membranes. A common feature is the filling of the spaces 
between the alumina particles by the carbonised resin. This can be clearly seen at the surface 
micrographs for the substrates impregnated with resin as compared to the surface of the substrate. 
As the concentration of the resin increased, so did the interparticle carbon coverage, which is 
clearly evident for the A40 sample. However, all samples resulted in porous structures and there are 
no overly distinctive differences observed in the SEM cross-sections, regardless of the 
concentration of impregnation solution used. Pores of different dimensions are observed in all SEM 
micrographs. It is important to note that due to the destructive nature of SEM analysis, these 
membranes were analysed post-desalination testing and as such some of the particles observed on 
the surface could be salt particles, though the membranes were thoroughly washed post-desalination 
and prior to SEM analysis. 
Table 5.1: CMS membranes resin concentration. 
Resin wt% in methanol 1% 5% 10% 20% 40% 
Membrane Nomenclature A01 A05 A10 A20 A40 
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Support – Cross-section Support – Surface 
  
A01 – Cross-section A01 – Surface 
  
A05 – Cross-section A05 – Surface 
  
Figure 5.4: SEM micrographs of profiles of the prepared membranes. 
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A10 – Cross-section A10 – Surface 
  
A20 – Cross-section A20 – Surface 
  
A40 – Cross-section A40 – Surface 
  
Figure 5.4 (cont.): SEM micrographs of profiles of the prepared membranes. 
Following desalination testing, the membranes were crushed and the resultant powders were 
analysed using thermogravimetric analysis (TGA). The mass loss trends in Figure 5.5 are consistent 
with the trends observed in Chapter 4 for the calcination in air for pure resin. The weight loss starts 
at approximately at 330 °C with a sharp weight loss at 450 °C, and is completed about 560 °C. The 
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increase of the concentration of the phenolic resin in the solution was proportional to the weight 
loss observed in the order of A40 > A20 > A10 > A5 > A1. 
 
Figure 5.5: TGA curves of the carbon and alumina substrate membrane powders. 
5.3.2. Membrane testing 
The prepared CMS membranes were initially tested with a synthetic salt water solution (0.3 wt% 
NaCl) from 25 to 75 °C as shown in Figure 5.6A. The results clearly indicate that increasing the 
resin concentration leads to a reduction in water flux. For instance, a significant (60%) reduction in 
water flux is observed when the resin in the impregnation solution changes from 1 to 5 wt% at 
20 °C. Thereafter, the water flux decreases further and at higher resin concentrations of 20 and 
40 wt% the water fluxes are almost below the detection limit. The water fluxes also increase with 
temperature. This is attributed to an increase in the water vapour pressure at the feed side, which 
translates to an increase in the driving force (Schofield, Fane et al. 1987; Bandini, Gostoli et al. 
1992; Peña, De Zárate et al. 1993). The increase in temperature did not change the order of the 
water flux performance per membrane namely: A1 > A5 > A10 > A20 > A40. The salt rejection of 
all tested membranes is displayed in Figure 5.6B. All membranes gave very high salt rejection close 
to 100%, except the A1 membrane where salt rejection varied between 99 and 94%. 
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Figure 5.6: Water flux (A, top) and salt rejection (B, bottom) for 0.3wt% NaCl solution. 
The CMS membranes were subsequently tested for a solution containing NaCl 1.0 wt%. The 
combined water fluxes and salt rejections at 25 °C are shown in Figure 5.7. The trends for all CMS 
membranes are very similar to the results for processing 0.3 wt% NaCl, though the water fluxes 
were slightly lower. Again, all the CMS membranes delivered high salt rejections. 
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Figure 5.7: Water flux and salt rejection for 1.0 wt% NaCl solution at 25 °C. 
5.3.3. Analysis and discussion 
The results for the A-series membranes show a clear trend that the higher the concentration of the 
phenolic resin in the solution, the lower the water flux. As water flux is inversely proportional to 
membrane thickness, this suggests that increasing the concentration of the phenolic resin 
impregnation solution increased the amount of carbon deposited in the spaces between the alumina 
particles in the substrate. This point is evidenced by the TGA curves (Figure 5.5) where the carbon 
content in the membrane matrix was proportional to the concentration of the phenolic resin in the 
solution. Furthermore, the SEM micrographs (Figure 5.4) show that carbon was trapped inside the 
alumina substrate. In other words, the higher the carbon content, the higher is the resistance, leading 
to lower water fluxes, which is consistent with work published elsewhere (Bandini, Saavedra et al. 
1997; Urtiaga, Ruiz et al. 2000; Khayet and Matsuura 2004; Hwang 2011). The ideal PV membrane 
for desalination should demonstrate high flux and high salt rejection. However given the flux versus 
selectivity trade-off that is typically associated with membrane performance, one characteristic must 
be valued higher than the other when attempting to optimise the membrane fabrication procedure. 
Therefore, the excellent performance of the A01 membrane with regard to water flux implies that 
the 1 wt% resin solution should be chosen as the optimisation procedure progresses. 
Upon close examination of the SEM micrographs in Figure 5.4, several pores of various sizes are 
observed, from 100 to 500 nm. Although SEM is a surface technique, these results indicate that the 
carbon material impregnated and carbonised inside the porous substrate exhibited a broad pore size 
distribution. Due to the very high salt rejection values, the desalination results suggest that the large 
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pores were connected to the micropores in the carbon matrix. This is in line with the work of Koros 
and co-workers(Vu, Koros et al. 2001) who also report molecular sieving properties. Hence the 
larger pores do not follow through the whole membrane, and only a small number of percolation 
pathways were large enough to allow for the permeation of the large hydrate ions. 
5.4. EFFECT OF VACUUM IMPREGNATION TIME ON CMS 
MEMBRANES 
5.4.1. Membrane preparation and characterisation 
In this section, the focus is on the vacuum impregnation time as an important parameter of resin 
pore filling and membrane preparation. The CMS membranes were prepared with a 1.0 wt% resin 
solution, in view of the highest water fluxes and good salt rejection as discussed above. Excluding 
varying the vacuum impregnation time, all the CMS membranes were prepared in the same manner 
as described in Section 5.3.1. It is hypothesised that a longer vacuum impregnation time will result 
in more carbon being deposited in the pores of the alumina support; however the optimal amount 
will be determined from desalination testing. 
This series of membranes, denoted the “B” series were prepared by varying the vacuum 
impregnation time of phenolic resin from 30 to 600 s as listed in Table 5.2. As previously, the 
membranes are denoted “B” followed by a number which represents the time in seconds from the 
onset of the vacuum impregnation until the end of this process. Hence, B600 indicates that the 
membrane underwent 600 s of vacuum impregnation with the phenolic resin. 
Table 5.2: CMS membranes under varying phenolic resin time exposure at 1.0 wt% resin in 
methanol. 
Vacuum Impregnation Time 30 s 60 s 90 s 120 s 300 s 600 s 
Membrane Nomenclature B30 B60 B90 B120 B300 B600 
 
Figure 5.8 shows the SEM micrograph of a blank ceramic support and six supported tubular CMS 
membranes from B30 to B600. The cross-section of SEM image for membrane B30 shows a very 
thin top layer coated on porous support, with a thickness around 20 nm. However, as seen in the 
surface image for B30, this thin film does not cover the membrane substrate surface completely. As 
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the vacuum time increases from 30 to 120 s, the resin impregnates deeper into the support, although 
a smooth membrane top layer does not form. Importantly even at the longest vacuum times of 300 
and 600 s a smooth surface layer is not formed, although the cross-section images show that the 
resin has impregnated virtually all of the membrane substrate. 
Support – Cross-section Support – Out Surface 
  
B30 – Cross-section B30 – Out Surface 
  
Figure 5.8: Scanning electron microphotograph of support CMS membranes prepared 
through carbonised at 700 °C. 
 
Chapter 5: Preparation, testing and optimisation of carbon molecular sieve membrane for desalination 
 
 
86 
 
B60 – Cross-section B60 – Surface 
  
B90 – Cross-section B90 – Surface 
  
B120 – Cross-section B120 – Surface 
  
Figure 5.8 (cont.): Scanning electron microphotograph of support CMS membranes 
prepared through carbonised at 700 °C. 
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B300 – Cross-section B300 – Surface 
  
B600 – Cross-section B – Surface 
  
Figure 5.8 (cont.): Scanning electron microphotograph of support CMS membranes prepared 
through carbonised at 700 °C. 
The amount of carbon impregnated on the substrates was analysed by TGA as shown in Figure 5.9. 
The mass loss trends were similar to those displayed in Figure 5.5. The increase of vacuum time for 
preparation of CMS membranes was proportional to the mass loss observed at 500 °C in the order 
of B600 (0.43%) > B300 (0.39%) > B120 (0.33%) > B90 (0.27%) >B60 (0.22%) > B30 (0.15%). 
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Figure 5.9: Mass loss of carbon impregnated samples as a function of the vacuum impregnation 
time. 
5.4.2. Membrane testing 
The B series membranes were tested for desalination performance with a synthetic salt water 
solution (0.3 wt% NaCl) at 25 and 75 °C. Figures 5.10A and 5.10B show water flux and salt 
rejection, respectively. As expected and previously reported there is a clear trend of water flux 
increasing with temperature for all B series membranes. However, counterintuitively there is also a 
clear trend observed for the water fluxes, which increase with vacuum impregnation time. For 
vacuum times of 30 and 60 s, the membrane fluxes are very low and similar. However, as the 
vacuum time increases to 90, 120 and 300 s, the water fluxes increase dramatically. At 25 °C the 
flux is almost four-fold higher for the B300 sample compared to the B30 sample, whilst at 75 °C the 
increase is more dramatic with more than a four-fold increase observed for the B300 sample 
compared to the B30 sample. The water fluxes appear to plateau after 300 s of vacuum 
impregnation with no significant increases observed in the B600 tests, suggesting that the optimal 
membrane morphology has been reached. All B series membrane gave salt rejections in excess of 
90%, although increasing feed water temperature led to a slight reduction in salt rejection. Crucially 
the B300 membrane actually showed enhanced salt rejection (95–99%) in comparison to the 
original A01 starting point (91–97%) across all feed water temperatures. 
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Figure 5.10: Water flux (A, top) and salt rejection (B, bottom) for CMS membranes prepared by the 
vacuum impregnation method and tested with 0.3wt% NaCl water solution. 
5.4.3. Analysis and discussion 
The high water fluxes coupled with high salt rejection suggest that high quality membranes have 
been prepared by vacuum impregnation. These results are at least one order of magnitude higher as 
compared to those of silica derived membranes (Duke, Mee et al. 2007; Wijaya, Duke et al. 2009; 
Ladewig, Tan et al. 2011; Lin, Ding et al. 2012), and up to two orders of magnitude higher than 
zeolite membranes (Lia, Dong et al. 2004; Duke, O'Brien-Abraham et al. 2009). Futher, these 
results compared well with VMD results listed in table 2.1 (chapter 2). For instance, VMD water 
fluxes ranged from very low values of 0.36 kg m-2 h-1, with the majority of values between 2 and 7 
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kg m-2 h-1, and a few high values around 25 kg m-2 h-1. Likewise VMD, salt rejections were also 
very similar to best membranes in excess of 99%. 
The results in this section are counterintuitive because in principle a shorter vacuum impregnation 
time should lead to a smaller mass of resin being impregnated into the pores of the substrate and 
therefore a higher water flux. In fact, the TGA results proved that the carbon content in the 
carbonised matrix increased as a function of the vacuum impregnation. In principle, the amount of 
carbon should increase the resistance of water, which is not the case here. It is remarkable to 
observe therefore that very high water fluxes in excess of 20 kg m–2 h–1 were attained by the CMS 
membranes prepared with vacuum times ≥ 300 s, reaching a maximum value of 27  kg m–2 h–1 for 
the B600 membranes at 75 °C temperature testing.  
As a result the traditional concept of membrane thickness (average depth of the thin film) is not 
applicable. Instead a new concept of effective membrane thickness must be defined as the shortest 
percolation pathway (route travelled through the CMS material by the water vapour) through the 
macroporous alumina support. It is not possible to accurately determine this quantity but it may be 
used qualitatively to explain the counterintuitive water flux phenomena. 
These results strongly suggest that when the vacuum time is short, for example 30–60 s, there is 
insufficient time to draw the resin into the pores and so a pseudo top layer forms as seen in the SEM 
images of the B30 and B60 membranes. In this case whilst the carbon content is relatively small, 
the effective membrane thickness is relatively large as all the carbon is agglomerated at the surface 
of the alumina support. As the vacuum time increases, the resin is drawn further into the alumina 
substrate distributing the resin over a wider region. As the resin can fill all the pore’s spaces, it 
inherently collects around constrictions and introduces preferential percolation pathways where 
some of the pore will contain CMS material and some will contain empty space. 
5.4.4. Temperature and salt feed concentration study 
Further tests were carried out on the B series CMS membranes to investigate their water fluxes as a 
function of the feed water temperature (25 to 75 °C) and feed water salt concentration (0.3 to 
3.5 wt%) to attempt to better elucidate the relationship between vacuum impregnation time and 
membrane performance. The results are listed in Table 5.3. As expected the results follow the trends 
previously observed in Figure 5.10 where CMS membranes prepared under shorter vacuum times 
(B30 to B90) generally gave low water fluxes, whilst intermediate water fluxes were delivered by 
CMS membrane B120, and the best water fluxes were achieved by the CMS membranes B300 and 
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B600, irrespectively of temperature and salt feed concentration. Crucially, for all the membranes the 
water flux appears independent of the feed water salt concentration (i.e. flux remains unchanged as 
salt concentration increases), which strongly suggests that concentration polarisation is not playing 
a dominant role in the mass transfer resistance. 
Table 5.3: Water fluxes and salt feed concentration as a function of temperature. 
Feed 
concentration CMSM Flux (kg h
-1 m-2) Salt rejection 
0.3 wt% 
 25 °C 50 °C 75 °C 25 °C 50 °C 75 °C 
B30 3.0 5.3 6.1 95.9 96.8 95.5 
B60 2.9 4.8 5.3 98.7 98.7 98.1 
B90 4.4 6.9 11.3 99.1 96.9 95.4 
B120 7.3 14.4 17.3 99.8 98.2 98.9 
B300 10.6 19.0 26.1 99.8 97.0 96.4 
B600 10.8 19.0 27.2 99.9 96.5 96.4 
1.0 wt% 
B30 2.8 5.2 5.8 98.9 96.7 87.5 
B60 2.2 4.8 5.1 98.9 98.9 97.6 
B90 2.89 5.6 6.6 99.0 94.1 98.1 
B120 7.4 13.64 16.7 97.9 97.8 94.7 
B300 10.3 18.9 25.5 99.7 97.14 94.7 
B600 10.6 19.0 26.6 99.8 97.9 94.7 
3.5 wt% 
B30 2.5 3.7 5.3 98.9 92.5 83.8 
B60 2.3 4.6 6.1 98.9 94.3 94.4 
B90 2.7 4.9 6.7 98.9 92.4 94.3 
B120 6.9 13.5 18.7 99.7 93.6 93.0 
B300 9.2 18.7 23.5 99.7 95.6 92.5 
B600 9.4 18.9 25.4 99.7 95.0 93.2 
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5.4.5. Analysis and discussion 
As expected these results show that the water fluxes increase as a function of the feed temperature 
independently of the salt concentration. This is expected as the increase in feed water temperature 
corresponds to an increase in the vapour pressure at the interface between the CMS membrane and 
the bulk liquid (Lawson and Lloyd 1996; Martínez-Díez and Vázquez-González 2000; 
Phattaranawik, Jiraratananon et al. 2003). As the permeate pressure is kept under constant vacuum, 
increasing the vapour pressure at the feed side generates a greater pressure difference across the 
membranes, which translates to a greater driving force. Hence, CMS membranes are complying 
with Darcy’s law (𝑁 = 𝐾∆𝑃𝑜) where the water flux (N) is proportional to the water vapour pressure 
(ΔP°) and coefficient K, which are in turn temperature dependent as reported elsewhere (M. Elma 
2012). 
Contrary to the temperature effect, increasing the salt feed concentration resulted in no significant 
change in water flux, especially for the most promising membranes B300 and B600. This is in 
contrast to several previous studies into silica (Duke, Mee et al. 2007; Wijaya, Duke et al. 2009; 
Ladewig, Tan et al. 2011; Lin, Ding et al. 2012) and zeolite (Drobek, Yacou et al. 2012) 
membranes. In principle, the vapour pressure of salt water decreases as a function of the salt 
concentration at constant temperature (Sparrow 2003). Whilst the absolute values are small, a 
vapour pressure change in the order of 1.1 to 0.89 kPa by increasing the feed concentration from 0.3 
to 3.5 wt%, the relative change is on the order of a 20% reduction in driving force. According to 
Darcy’s law this should result in a similar reduction (~20%) in water flux yet this is not observed 
for the B series membranes. This may be attributed to concentration polarisation at the membrane 
surface due to the fast membrane flux. Concentration polarisation is the phenomena whereby the 
preferential diffusion of one component through a membrane is faster than the bulk diffusion of that 
component, causing a build-up of non-permeable species at the membrane surface (Martinez-Diez 
and Vazquez-Gonzalez 1998). In this case the water diffusion through the membrane is faster than 
the diffusion of salt ions back into the bulk, causing a higher concentration of salt ions at the 
membrane surface than seen in the bulk liquid. The formation of salt concentration polarisation 
layer on the membrane surface proved to be stagnant and could not be broken by the low feed 
convective flow rates applied to this experimental work. The results suggest that the stagnant layer 
responsible for the salt concentration polarisation reaches saturation at the steady state experimental 
conditions, independently of the initial feed salt concentration solution. Again, the high water fluxes 
delivered by these membranes resulted in the saturation and formation of the stagnant layers with a 
high concentration of salt. If the water flux is sufficiently fast, the surface concentration 
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experienced by the 0.3 and 3.5% NaCl solutions would be comparable and the real difference in 
vapour pressure (at the membrane surface) would be much smaller than the apparent difference 
(when considering the bulk liquid). A recent study into ordered mesoporous hybrid silica 
membranes for desalination also noted that the flux of their membranes was essentially independent 
of the salt feed concentration (up to 15 wt% NaCl) (Chua, Lin et al. 2013). 
5.5. EFFECT OF CARBONISATION TEMPERATURE ON VACUUM 
IMPREGNATED CMS MEMBRANES 
5.5.1. Membrane preparation and characterisation 
In this section, the focus is on the effect of the carbonisation temperature as an important parameter 
of controlling the structure of the carbon impregnated into the substrate. Three CMS membranes 
were prepared following the optimised A and B series membranes, e.g. 1.0 wt% resin solution and 
600s vacuum impregnation. It is hypothesised that the carbonisation temperature will tailor the 
optimal carbon structure to deliver high water fluxes and salt rejection.  
This series of membrane, denoted the “C” series, were prepared by varying the temperature from 
600 to 800 °C as listed in Table 5.4. As previously, the membranes are denoted “C” followed by a 
number which represents the carbonisation temperature. Hence, C800 indicates that the membrane 
was carbonised at 800 °C. 
Table 5.4: CMS membranes resin carbonisation temperature. 
Carbonisation Temperature 600 °C 700 °C 800 °C 
Membrane Nomenclature C600 C700 C800 
 
Representative SEM micrographs of the prepared membranes are shown in Figure 5.11. A general 
observation is that the resin impregnated the full depth of the membrane wall for all prepared 
membranes, similar to the CMS membrane B series. SEM images of the top surface show a porous 
top layer, with some patches of dense carbon. However, the coverage of the carbon patches was not 
homogenous within the same membrane, whilst variations were also noted between membranes. For 
instance, there are very small carbon patchy coverage for the membrane C600 compared with the 
other membranes. This could be possibly allocated to the quality of the substrates used in this work. 
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Nevertheless, the SEM micrographs are given an indication that similar membranes were produced 
as CMS membrane B series, though this is a surface technique and further characterisation is 
required to determine if the required pore structure is achieved for desalination. 
C600 – Cross-section C600 – Surface 
  
C700 – Cross-section C700 – Surface 
  
C800 – Cross-section C800 – Surface 
  
Figure 5.11: SEM micrographs of C series membranes.  
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The membranes were crushed and the resultant powders were also analysed using TGA under air, 
and results are displayed in Figure 5.12. It is observed that the mass loss increases as the 
carbonisation temperature decreases. These results were expected, as the higher the carbonisation 
temperature is, the lower the carbon mass should be retained after carbonisation under the same 
resin impregnation conditions. Hence, the mass loss was inversely proportional to the carbonisation 
temperature in the order of C600 > C700 > C800. However, the difference in mass losses is 
marginal (e.g. <0.1 wt%) as the majority of chemical functional groups of the phenolic resin (such 
as alkyl-phenol C–O, C–C, C=C and C–H) are broken and some radicals such as methyl and its 
derivatives, benzene, methylene were lost during the carbonisation process to prepare these 
membranes, as evidenced by the FTIR results in Chapter 4. The mass loss for membranes C600 and 
C700 started at approximately at 250 °C with a sharp weight loss at 300 °C, whilst C800 started at 
~50 °C higher. The mass loss for all samples were completed about 510 °C as reported elsewhere 
for phenolic resins (Fu, Liao et al. 2011). 
 
Figure 5.12: TGA of C series membranes carbonised at different temperatures.  
5.5.2. Membrane testing water flux and salt rejection 
Figure 5.13 shows the water fluxes and salt rejection for CMS membranes carbonised from 600 to 
800 °C for salt feed solutions from 0.3 to 1.0 wt%. The water flux trend is consistent with results 
for series A and B membranes discussed above, and raising the temperature of the feed solution 
from 25 to 75 °C the water flux increased accordingly. Further, the consistency with previous 
results is also observed with increasing the feed salt concentration from 0.3 to 1.0 wt% resulting in 
a decrease in water flux. The water fluxes for all membranes are quite large, ranging from 17 to 
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40 kg h–1 m–2 for salt feed solution of 0.3 wt%. The C800 membranes resulted in best water fluxes 
though the salt rejection was compromised to lower values between 75 and 88%. 
 
 
Figure 5.13: CMS membranes tested with 0.3 wt% salt feed solution: water flux (A, top) and salt 
rejection (B, bottom).  
5.5.3. Analysis and discussion 
The TGA results gave slightly different trends for C800 as compared to C700 and C600. According 
to the FTIR results in Chapter 4, the volatilised materials between 400 and 800 °C are mainly 
methane, hydrogen, carbon monoxide, ethane and water vapour. At around 400 °C, the evolution of 
water indicated that the preceding ether crosslinking reaction between two hydroxyl functional 
group are continuing and form xanthene or diphenylene oxide type inner-ring oxygen linkages as 
well as the open diphenyl ether (Fitzer and Schafer 1970). When degradation occurs at 500 °C and 
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above, aliphatic bridges for aromatic rings dramatically decompose and hydrocarbonaceous 
residues are eliminated (Chen, Chen et al. 2008). Only aromatic CH groups are detectable. The 
degree of substitution in aromatic groups increases with increasing of pyrolysis temperature with 
elimination of aromatic hydrogen. Above 700 °C, hydrogen atoms directly bonded to benzene 
nuclei are split accompanied by increased aromatisation of the whole structure. Oxygen and 
hydrogen are almost complete eliminated as the pyrolysis or carbonation reaches 800 °C and above 
(Trick and Saliba 1995). Hence, the major reason of the C800 sample weight loss starting at 
~300 °C, instead of 250 °C, is associated with the sample being almost pure carbon, whilst at 600 
and 700 °C had remnants of CHn which are assigned to the aromatic structure of benzene (Ouchi 
1966). This is very slow carbonation process, which is also evidenced by the TGA results in 
Chapter 4 for pure carbonised phenolic resin. 
The changes with the TGA results can also be correlated to the trends in the water flux increasing 
with the calcination temperature. The increase is minimal for C600 and C700 at testing 
temperatures of 25 °C, though it is more noticeable for C800 where the water flux increases by 
almost 6.5 kg h–1 m–2 at 50 °C and 6.4 kg h–1 m–2 at 75 °C as the carbonisation temperature is raised 
from 600 to 800 °C. This increase can be explained by the pore structure of the carbonised resin 
obtained by N2 sorption in Chapter 4. First, the N2 isotherm (see Chapter 4) clearly shows that the 
total pore volume slightly increases with the carbonisation temperature following C600 
(0.1299 cm3 g–1) < C700 (0.176981cm3 g–1) < C800 (0.219559 cm3 g–1). Hence, larger pore 
volumes in principle leads to higher water fluxes as measure and displayed in Figure 5.13. 
However, the N2 isotherms are mainly microporous for C600 and C700, whilst the C800 powders 
are characterised by a hysteresis loop, a clear indication of larger pore sizes such as mesopores. 
Therefore, there is a good correlation between pore size structure and salt rejection. The C800 
membranes generally delivered lower salt rejection, between 88 to 75% depending on the testing 
temperature. On the other, the salt rejection for membrane C600 and C700 was very high over 95% 
especially salt rejections for C700 are close to 100% for all temperatures. This demonstrates that the 
C600 and C700 membranes were operating within the molecular sieving mechanism, as these 
membranes were able to reject larger hydrate salt ions (Na+ and Cl– are 7.2 and 6.6 Å respectively 
(Lin and Murad 2001; Lia, Dong et al. 2004) in favour of water (dk = 2.6 Å).  
The C800 powders were characterised by microporous (~2/3) and (~1/3) mesoporous carbon 
structures based on the volume adsorption in Figure 4.7. However, it does not mean that the CMS 
film structure will have the same structure as the CMS powder. It must be borne in mind that the 
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CMS structures impregnated into the porous substrate forms a complex composite structure. For 
instance, the CMS film fills in the pore space and also adheres to the surface of the alumina 
substrate. In addition, the micropores seem to be interconnected with the mesopores, because a 
reasonable salt rejection was achieved. If all the mesopore structures were all linked together, then 
the salt rejection should be much lower. This is not the case for the C800 membrane. However, as 
the salt rejection is between 75 and 88%, these results suggest that a proportion of the mesopores 
were actually linked together and forming a percolation pathway resulting in hydrate ion diffusion 
through the membrane. Hence, this percolative pathway had mesopore sizes with large pore sizes to 
allow for the diffusion of hydrate ions with dimensions of 7.2 Å. 
5.6. EFFECT OF SUBSTRATE ON CMS MEMBRANES 
A series of membranes were prepared by using different substrates, namely substrate M, P, T and J 
as listed in Table 5.5. This membrane series is coded “D” for the substrate investigation followed by 
a letter related to the supplying substrate company. For instance, the membrane D-T corresponds to 
a substrate supplied by TAMI industries (France). All the membranes were initially coated using the 
best synthesis process as optimised above (e.g. 1% phenolic resin and under vacuum time for 600 s, 
and carbonised at 700 °C), and subsequently tested using a feedwater salt concentration of 0.3 wt%. 
Table 5.5: CMS membranes from different substrate. 
CMS 
Membrane 
Substrate Material Mean pore 
diameter 
(nm) 
Dimension 
(mm) 
Length 
(cm) 
Pretreatment 
D-M Melbourne α-Al2O3 140* OD 9;  
ID 6 
5.22–5.27 Calcined at 
1350 °C, 2 h 
D-J Japan α -Al2O3 530* OD 12;  
ID 9 
5.75–6.3 Nil 
D-T TAMI 
industries 
Support: 
TiO2; 
Outside: 
layer ZrO2-
TiO2 
140* OD 10;  
ID 6.0 
6 Nil 
D-P Pall 
Cooperation 
α-Al2O3 600 OD 10;  
ID 6.5 
6 Nil 
* Determined by mercury porosimetery 
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5.6.1. Pall tube substrates D-P 
D-P membranes were prepared by using Pall tube substrate (Table 5.6). Initial tests show very high 
water flux and no salt rejection. This initial work was carried out by testing three membranes and all 
of them failed to deliver salt rejection. Hence, a second coating was impregnated with different 
resin concentrations from 1 to 10%. These membranes were called D-P1%-n% where 1% was the 
initial resin concentration coating, followed by a second coating of n% resin solution. Even though 
higher resin concentration of 10% was used, the feed salt solution continued to pass through the 
membrane without any salt rejection. These results strongly indicate that the Pall substrate is not 
appropriate to be used for the CMS coating developed in this thesis project. This problem could be 
attributed to the very large 600 nm pores, which does not allow the effective CMS structural 
formation within the alumina pores. This results in pore wetting and the undesirable diffusion of 
hydrated salts. 
Table 5.6: Observations from testing CMS membranes using Pall substrates. 
Membrane name Membrane parameters Water flux (kg m–2 h–1) 
D-P-1% Precursor concentration (PC) 1%  Single carbon layer Liquid pass through 
D-P-1%-1% First layer precursor concentration 1% Second carbon layer PC 1% Liquid pass through 
D-P-1%-5% First layer precursor concentration 1% Second carbon layer PC 5% Liquid pass through 
D-P-1%-10% First layer precursor concentration 1%  Second carbon layer PC 10% Liquid pass through 
 
5.6.2. TAMI tube substrates D-T 
D-T membranes were prepared by using TAMI tube and firstly tested in pure water and 0.3 wt% 
salt water. However, initial results were similar to the D-P results above, as all liquid passed 
through the membranes very quickly, delivering no salt rejection. This is an interesting result, as the 
cut-off interlayer of the D-T tube is about 140 nm, much smaller than the average pore size of the 
Pall tubes of 600 nm for the D-P series. 
In order to further verify the effect of the pore size on the formation of CMS membranes, a second 
substrate impregnation was carried out by increasing the concentration of the resin from 1 to 10%. 
The membranes were initially tested for pure water only as listed in Table 5.7. The water flux 
increased by seven times as the concentration of the resin solution was diluted by ten times. 
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Therefore, the flux for D-T-1%-1% membrane is the only one comparable with the membranes 
prepared using Melbourne tubes for the B series above. The membranes prepared with higher resin 
concentration gave very low water fluxes as expected, and are no longer considered for analysis. 
The membrane D-T-1%-1% was selected for further salt water desalination testing. 
Table 5.7: Observations from testing CMS membranes prepared with TAMI substrates.  
Membrane name Membrane parameters Water flux (kg m–2 h–1) 
D-T-1% Precursor concentration (PC) 1% Single carbon layer Liquid pass through 
D-T-1%-1% First layer precursor concentration 1% Second carbon layer PC 1% 6.0 
D-T-1%-5% First layer precursor concentration 1% Second carbon layer PC 5% 1.29 
D-T-1%-10% First layer precursor concentration 1% Second carbon layer PC 10% 0.80 
 
Membrane D-T-1%-1% was tested in salt water with feed concentrations varying from 0.35 to 
3.5 wt% salt as displayed in Figure 5.14. Again, the performance trend is consistent with the 
Melbourne tube membranes for the A, B and C series, as fluxes increased with temperature and 
were inversely proportional to the feed salt solution. It is worthwhile to point out that all salt 
rejections were close to 100% regardless of feed concentration and temperature. This gives an 
indication that the TAMI tubes titania interlayer with pore sizes of 140 nm were quite homogenous, 
thus favouring the synthesis of high quality CMS membranes. 
It is notable that the water flux increased from 5 to 28 kg m–2 h–1 as temperature was raised from 25 
to 75 °C for 0.3 wt% salt solution. The increase of feed concentration from brackish (0.3 wt%) to 
sea water (3.5 wt%) led to a significant decrease in water fluxes, particularly as the temperature 
increased. For instance, the differences in the water fluxes at 25 °C are consistent with the 
Melbourne tube B series results, though the salt rejection varied between 90 and 100%. However, 
the D-T-1%-1% series always gave high salt rejection, close to 100%, independently of the feed salt 
concentration or temperature. Again, these results give a clear indication of the high quality of the 
TAMI tube interlayer and pore size homogeneity.  
The water flux differences are very small at 25 °C for all feed salt concentrations, though the 
differences become quite significant as the temperature is raised from 25 to 75 °C. For instance, the 
differences in water fluxes for the 0.3 and 3.5 wt% feed solutions are 2.5 and 3.7 kg m–2 h–1. Hence, 
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the temperature effect gives higher water flux increase for the low feed salt solutions and likewise 
restrains the water flux increase for high feed salt solution. As discussed above, this effect is due to 
the salt concentration polarisation, and combined with the temperature polarisation. 
 
 
Figure 5.14: Desalination results for membrane D-T-1%-1%: water fluxes (A, top) and salt 
rejection (B, bottom). 
5.6.3. Japanese tube D-J 
D-J membranes were prepared by using Japanese tubes (supplied by Johnson Matthey in the UK) 
and firstly tested in pure water and 0.3 wt% salt water. The initial membrane D-J-1% was tested and 
the water fluxes were high whilst no salt rejection for the 0.3 wt% feed water was observed, due to 
the large pore size of the substrate (around 530 nm).  
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To date, this work has shown that the 1 wt% resin concentration gave the optimum result for the 
Melbourne tubes, and a double pore impregnation for the TAMI tubes as discussed above. However, 
having a double pore impregnation attracts further operational costs in the preparation of CMS 
membranes. In addition, the results obtained so far give a clear indication that the substrate structure 
plays a major in the role in the formation of CMS films. Therefore, the preparation of the D-J 
membrane series follows a different strategy, whereas a single a pore impregnation process is 
applied, though the resin concentration is varied as presented in Table 5.8. The D-J-1% and D-J-5% 
resulted in high water fluxes, thus giving an indication of no salt separation. The membrane D-J-10% 
gave promising results reaching 10.6 kg m–2 h–1, though increasing the resin concentration further 
led to a major reduction of water fluxes to 0.54 kg m–2 h–1 (D-J-40%). Hence, the membrane D-J-10% 
was selected for further desalination test. 
Table 5.8: Observations from testing the CMS membranes prepared with Japanese substrates. 
Membrane name Membrane parameters Pure water flux (kg m–2 h–1) 
D-J-1% Precursor concentration 1% Single carbon layer Liquid pass through 
D-J-5% Precursor concentration 5% Single carbon layer Liquid pass through 
D-J-10% Precursor concentration 10% Single carbon layer 10.6 
D-J-20% Precursor concentration 20% Single carbon layer 1.32 
D-J-40% Precursor concentration 40% Single carbon layer 0.54 
 
In order to investigate the effect of using a high resin concentration (10%) adaptable to the Japanese 
substrates, membranes D-J-10% were tested using a wide concentration of salt feed solution ranging 
from 0.3 to 15 wt% as displayed in Figure 5.15. The performance of this membrane is notable for 
processing brackish waters all the way to sea water (3.5 wt%) and brine (15 wt%). The water flux 
increases as a function of the temperature for all different concentration salt water. The water flux is 
as high as 7 kg m–2 h–1 at room temperature for 0.3 wt% salt water, and reaching 29 kg m–2 h–-1 at 
75 °C. 
The same trend as discussed above is also observed, as water fluxes increased with decreasing feed 
concentration. It is clearly shown in Figure 5.15 that the water fluxes decreased slightly as feed 
concentration was increased to 1% whilst it dropped dramatically as the feed concentrated to 3.5 wt% 
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and higher. The water fluxes increased marginally for the high feed salt concentration (7.5 to 
15 wt%) as a function of temperature, whilst the water fluxes for these feed concentrations were 
very similar. Interestingly, the salt rejection for all membranes was quite high, between 96 and 99%, 
even for high brine concentrations of 15 wt% salt water. This means that high quality CMS 
membranes could also be prepared by using the Japanese tubes with high resin concentration. 
 
 
Figure 5.15: Desalination results for membrane D-J-10%: water fluxes (A, top) and salt rejection 
(B, bottom). 
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5.7. ANALYSIS AND DISCUSSION OF OPTIMISATION PROCEDURE 
To further interpret the influence of the different variables on the performance of the membranes, a 
Principal Components Analysis (PCA) was performed. PCA, a Chemometric mathematical model, 
enables data analysis of complex data sets through data dimension reduction. This is achieved by 
building linear multivariate models from possibly correlated values (Gemperline 2010), providing 
visualisation of the multivariate data in the form of scatter plots (Varmuza and Filzmoser 2009). 
The linear latent variables are developed using orthogonal basis vectors (eigenvectors) and are 
commonly called principal components (PCs) (Varmuza and Filzmoser 2009; Gemperline 2010). 
These PCs model the statistically significant variation in the data set (Gemperline 2010) while 
considering all variables and accommodating the total data structure (Varmuza and Filzmoser 2009). 
The latent variables optimally represent the distances between the objects in the high-dimensional 
variable space, where the distance between objects is considered as an inverse similarity of the 
objects (Varmuza and Filzmoser 2009). 
The principal component which includes the maximum variance of the scores and best preserves the 
relative distances between the objects is defined as the first principal component (PC1). The second 
principal component (PC2) which possesses the next possible maximum variance of the scores is 
defined in an orthogonal direction to PC1. Subsequent PCs can be computed up to the number of 
variables, and are orthogonal to previous PCs.  
 
Figure 5.16: Matrix scheme for Principal Component Analysis (Varmuza and Filzmoser 2009). 
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The matrix scheme for PCAs outputs the reduced data in the form of scores and loadings plots 
(Figure 5.16). The scores plot describes the relationship among the objects, while the loadings plot 
describes the relationship of the original variables to each other. The degree of relationship between 
objects to each other may be gauged by the distance between the objects in the scores plot or 
loading in the loadings plot. Correlation between loadings can be measured by the angle between 
the loading vectors (from the origin) where low angles denotes high correlation, 90° indicates 
independent and close to 180° means high negative correlation. 
The loadings plot of the B-series data (vacuum impregnation) is presented in Figure 5.17, 
describing ca. 70% of the data. PC1 separates the salt rejection (high negative loading) from the 
permeance, feed temperature (high positive loading) and the vacuum impregnation time (moderate 
positive loading). PC2 on the other hand separates the salt rejection, vacuum impregnation time 
(high positive loading) and permeance (moderate positive loading) from the feed temperature and 
salt concentration (low negative values). The placement of the loadings indicates that there is a high 
correlation between vacuum impregnation time and permeance, and between the salt concentration 
and feed solution temperature, albeit the latter to a lesser extent. The approximate 90° difference 
between the salt rejection and vacuum impregnation time, and the impregnation time to solution 
temperature indicates these variables are independent. The opposing nature of the salt rejection to 
the salt concentration and feed solution temperature evidences an inverse correlation between these 
parameters. 
 
Figure 5.17: PCA Loadings plot presenting PC1 (41.7%) and PC 2 (29%). 
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On the related scores plot (Figure 5.18) PC1 separates the objects (Table 5.9) depending on salt 
rejection (negative values) from the permeance, vacuum impregnation time and feed solution 
temperature (positive values). Whereas PC2 separates the performance of salt rejection and 
permeance with strong performing objects scoring positively and poorly performing objects scoring 
negatively. The best performing objects from this PCA representation are S06, S24 and S30 which 
correlate to the B600 membrane tested at 25 and 50 °C with 0.3 and 1 wt% salt concentrations. 
 
Figure 5.18: PCA Scores plot presenting PC1 (41.7%) and PC 2 (29%). 
For further evaluation, the PC3 coordinate was also investigated (Figure 5.19 and 5.20) which 
includes a further 20% of the total data variance. As can be observed from the loadings plot in 
Figure 5.19, PC3 separates the solution temperature (moderate positive score) from the feed salt 
concentration (very high negative values). The neutral loadings of permeance and salt rejection 
indicate that the variance investigated in PC3 does not relate to these parameters. As previously 
observed, PC2 separates vacuum impregnation time (high positive loading) from the feed 
temperature and salt concentration (low negative values) parameters. The placement of these 
loadings indicates that the salt concentration was independent from the feed solution temperature 
and vacuum impregnation time, with the latter two loadings inversely correlated to each other. The 
scores plot in Figure 5.20 clearly exhibits separation of the objects into two clusters related to 
solution temperature (cluster A) and feed salt concentration (cluster B). While this representation 
again highlights the strong performance of S06, S24 and S30 the outstanding object is s42 which 
correlates to the same B600 membrane operated under a much higher salt concentration (3.5 wt% at 
25 °C). 
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Figure 5.19: PCA Loadings plot presenting PC2 (29%) and PC 3(20%). 
 
 
 
Figure 5.20: PCA Scores plot presenting PC2 (29%) and PC 3(20%). 
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Table 5.9: Corresponding object number allocation to membrane and operating condition. 
Feed concentration CMSM Sample number 
0.3wt% 
 25 °C 50 °C 75 °C 
B30 S01 S07 S13 
B60 S02 S08 S14 
B90 S03 S09 S15 
B120 S04 S10 S16 
B300 S05 S11 S17 
B600 S06 S12 S18 
1.0wt% 
B30 S19 S25 S31 
B60 S20 S26 S32 
B90 S21 S27 S33 
B120 S22 S28 S34 
B300 S23 S29 S35 
B600 S24 S30 S36 
3.5wt% 
B30 S37 S43 S49 
B60 S38 S44 S50 
B90 S39 S45 S51 
B120 S40 S46 S52 
B300 S41 S47 S53 
B600 S42 S48 S54 
5.8. CONCLUSIONS 
In this chapter, membranes were optimised as a function of: (i) the concentration of the resin in the 
precursor solution, (ii) the vacuum impregnation time, (iii) the carbonisation temperature, and (iv) 
effect of porous substrate. The investigation of the influence of the morphology of the substrate 
(commercially purchased) on the water flux and salt rejection showed that substrate with large pore 
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sizes generally provided undesirable pore domains for resin filling and formation of ideal structures 
for desalination application. Hence, the substrate morphology has a primary function of providing 
the morphology requirements for resin filling.  
The carbonisation temperature also proved to be important and followed the trends observed in 
Chapter 4. The membranes became effective only when carbonised to 600 and 700 °C, thus 
following trends of increase microporous volumes surface area, coupled with a reduction of 
undesirable hydrophilic functional groups in the resin matrix. By the same token, high carbonisation 
temperature of 800 °C resulted in higher fluxes but the salt rejection as significantly reduces. Again 
this matched the resin characterisation in Chapter 4, as 800 °C carbonisation led to the formation of 
mesoporous structures, thus allowing the diffusion of large hydrate ions. Hence, the optimised value 
of 700 °C was achieved.The effect of the resin concentration in the precursor solution gave a clear 
trend that the higher the concentration of the phenolic resin, the lower the water flux. The amount of 
carbon deposited in the pore domains of the particles in the substrate increased as a function of the 
resin concentration as ascertained by TGA measurements. Therefore, the higher the carbon content, 
the higher is the resistance, leading to lower water flux. Based on high water flux and high salt 
rejection, optimised resin concentration of 1 wt% was attained. 
The effect of vacuum time impregnation gave counterintuitive results because in principle a shorter 
vacuum impregnation time should lead to a smaller mass of resin being impregnated into the pores 
of the substrate and therefore a higher water flux. In fact, the TGA results proved that the carbon 
content in the carbonised matrix increased as a function of the vacuum impregnation. In principle, 
the amount of carbon should increase the resistance of water, which is not the case here. It is 
remarkable to observe therefore that very high water fluxes in excess of 20 kg m–2 h–1 were attained 
by the CMS membranes prepared with vacuum times ≥ 300 s, reaching a maximum value of 
27 kg m–2 h–1 for the B600 membranes at 75 °C temperature testing.  
It was originally hypothesised that longer vacuum impregnation times would result in more resin 
being drawn into the pores to be carbonised and consequently yielding a membrane with a greater 
effective thickness and a lower water flux. Yet, whilst the membrane characterisation did 
demonstrate that increased vacuum impregnation time resulted in more carbon, the water fluxes 
actually increased.  
Hence, the vacuum impregnation fabrication method means that the final membrane does not 
resemble a traditional thin film associated with inorganic membranes. Instead, this work shows a 
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novel concept of a homogeneous thin film, the ‘membrane’ consists of CMS material completely or 
partially filling the macropores of the alumina substrate. This novel approach resulted in the 
formation of desirable CMS structures which allowed for the preferential diffusion of water whilst 
hindering the passage of the large hydrate ions. However, this chapter has focused on preparation 
and optimisation of CMS membranes based on performance testing. A fundamental question which 
requires investigation is how the novel vacuum impregnation method is forming the combined 
porous substrate and carbon filling structures capable of producing high quality inorganic 
membranes for desalination. This fundamental question is addressed in the next Chapter 6, where a 
mechanistic model is provided to explain the formation of CMS structures with the porous domains 
of the alumina substrate. 
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ABSTRACT 
This chapter focuses on the effect of resin concentration and vacuum impregnation time on the 
morphology and properties of the CMS membranes. This allowed the elucidation of the 
mechanisms of membrane formation, the final microstructure and the underlying structure-property 
relationships for the CMS membranes. These parameters were studied through a combination of 
thermogravimetric analysis, mass balances, helium pycnometry and analysis of variations in 
pressure during the vacuum impregnation process itself. The major findings of this study were that 
the concentration of precursor solution impacted the amount of CMS material deposited and the 
depth of CMS impregnation into the substrate with higher precursor concentrations depositing more 
CMS, but lower resin concentrations were deposited deeper and more homogenously throughout the 
membrane substrate. Hence the CMS membranes prepared from a lower resin concentration were 
characterised by a less dense, less tortious but ultimately still connected CMS membrane that 
allowed high water fluxes whilst still maintaining a high salt rejection capability. Studying the 
vacuum impregnation as a function of time showed how the final CMS membrane was formed. 
Starting with the initial thin-film deposition at 30 s, the low concentration and limited polymer-
polymer entanglement ensured the resin could not effectively cross-link. Then as the vacuum time 
was increased this initial top film was plasticised and (re)dissolved by the advancing methanol 
solvent front as it was drawn through into the cold trap allowing the resin material to be deposited 
deeper into the porous alumina substrate. In contrast the higher resin concentrations did not allow 
this process to proceed as the faster polymerisation and greater polymer-polymer entanglements 
enhanced cross-linking, hindering possible dissolution and (re)deposition of the resin. 
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6.1. INTRODUCTION 
This chapter is concerned with a fundamental question “How is the carbon molecular sieve (CMS) 
structure being formed by vacuum impregnation to prepare inorganic membranes with excellent 
properties?” In Chapter 5, optimisation of the CMS membrane preparation resulted in consistently 
high salt rejection (>99%), whilst concurrently delivering extremely high water fluxes, often greater 
than 20 kg m–2 h–1 depending on the salt concentration and temperature of the feed water. These 
water flux results are at least one order of magnitude higher than those results reported in literature 
for other inorganic membranes such as silica (Duke, Mee et al. 2007; Wijaya, Duke et al. 2009; 
Ladewig, Tan et al. 2011; Lin, Ding et al. 2012) or zeolites (Duke, O'Brien-Abraham et al. 2009; 
Drobek, Yacou et al. 2012). In addition, several of the CMS membranes produced in Chapter 5 are 
inconsistent with conventional thin film morphology and it is unclear if the excellent results stem 
from the CMS bulk properties, the unique membrane morphology or a combination of both. 
Therefore as the mechanisms of CMS structural formation within a porous inorganic substrate are 
not well understood, this chapter primarily focuses on investigating several parameters related to the 
vacuum impregnation method and CMS structural formation with a view to propose a mechanism 
of CMS membrane formation under vacuum impregnation. 
6.2. CMS MEMBRANES PREPARATION AND CHARACTERISATION 
In order to investigate the effect of vacuum impregnation on the formation of high quality CMS 
membranes, a series of 24 membranes were prepared according to the preparation methods 
discussed in Chapters 3 and 5. Briefly, the CMS membranes preparation is used the Melbourne tube 
substrates which gave excellent desalination results and followed the optimisation study in 
Chapter 5. The membranes were prepared by varying the resin concentration of the precursor 
solution from 1 to 20 wt% and the vacuum time from 30 to 600 s, carbonised at 700 °C for 1 h. The 
40 wt% solution was not included in this study, as this resin concentration did not produce good 
membranes as discussed in Chapter 5. To maintain consistency with the previous nomenclature the 
membranes in this chapter are coded “E” for the membrane formation investigation, followed by the 
concentration of the precursor and the vacuum exposure time. Hence, membrane E1%30s is 
vacuum impregnated with 1 wt% phenolic resin solution for 30 s. 
To carry out this investigation, a special apparatus was set up to study the pressure variation as 
described in Chapter 3. Briefly, the substrates were inserted inside the precursor solution. One end 
of the tube was closed whilst the other end was connected to a vacuum line which contained valves, 
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a pressure transducer, and a liquid nitrogen cold trap followed by a vacuum pump. During the 
vacuum impregnation process, the precursor solution penetrated into the porous substrate and some 
of the solvent evaporated to the inner shell of the membrane tube. This caused a change in pressure 
in the inner shell of the substrate which was monitored online by the pressure transducer and logged 
into a computer. This setup allowed a mass balance to be performed over the system to determine 
the amount of the cross-linked phenolic resin which deposited inside of the porous substrate. The 
mass balance was determined by the measuring the mass and concentration of the precursor solution 
before and after vacuum impregnation and also the mass and concentration of the precursor solution 
collected in the liquid nitrogen trap. The concentration of the resin was measured by UV-Vis 
spectroscopy. A helium pycnometer was used to determine the bulk density of the CMS membranes. 
The CMS membranes were then calcined in air at a temperature of 600 °C to burn off the CMS, 
returning the substrates to their original state. Helium pycnometry was again used to measure the 
bulk density of the blank substrates to compare against the substrates vacuum impregnated with 
CMS material. 
6.3. STRUCTURAL PROPERTIES OF IMPREGNATED CMS 
MATERIALS 
In order to understand the pore filling effect of depositing the phenolic resin into the porous alumina 
substrates and subsequent carbonisation, the porosity and bulk density of the CMS membrane and 
blank substrate tubes were compared using helium pycnometry. This technique removed the 
inhomogeneity of the alumina substrates and allowed direct comparison of the vacuum 
impregnation parameters. Figure 6.1 shows that the carbonised CMS material retained in the 
substrate pores structure reduced the overall porosity of the alumina substrate. However, the 
reduction is not proportional to the mass of phenolic resin in the precursor solution. In fact, as the 
phenolic resin concentration increases by 20 times, the reduction in porosity of the final carbonised 
CMS membrane only ranges from 30 to 34%. 
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Figure 6.1: Porosity (%) of carbonised CMS membranes (red) and their blank substrates after CMS 
material was removed through calcination in air (black). 
 
Figure 6.2: Density of CMS pore filling in the alumina substrate. 
Figure 6.2 shows that the density of the CMS material impregnated into the porous structure is 
almost proportional to the phenolic resin concentration in the precursor solution. This density was 
calculated from the helium pycnometry and is independent of the alumina substrate, thus it reflects 
how the CMS material is affected as the vacuum impregnation parameters are altered. For instance, 
as the resin concentration increases from 1 to 20 wt%, the density also increases from 0.21 to 
1.17 g cm–3. The density increases at a large rate for resin concentrations from 1 to 5 wt%, but from 
5 to 20 wt% the rate of increase is significantly lower though the trend appears to be linear. 
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These results suggest that the vacuum impregnation parameters have a significant effect on the final 
CMS membrane properties, with the density increasing five-fold as the phenolic resin concentration 
in solution changes. This result is counterintuitive as one would not expect changes in the inherent 
bulk material properties resulting from simple variations in the membrane preparation techniques. 
There are two possible explanations for this result, the first is that the vacuum impregnation and in 
particular the phenolic resin concentration is fundamentally altering the structure of the CMS at the 
microporous level; the second is that changing the phenolic resin concentration in the precursor 
solution alters the macroscopic membrane morphology in such a way as to alter the apparent 
density. Hence, the crucial question here is the weight of the phenolic resin impregnated into the 
porous alumina substrate prior to carbonisation. The TGA results in Chapter 4 show the mass loss 
from cured phenolic resin to forming CMS in nitrogen while the TGA results in Chapter 5 show the 
mass loss for CMS membranes which combine alumina and CMS materials are calcined in air. 
Besides, 100% mass loss has been shown in the TGA results for bulk carbon calcined in air after 
550 °C in Chapter 4, and the mass change for the alumina substrate is negligible (shown in 
Appendix A2). Therefore, these two sets of TGA results allow the calculation of the amount of 
phenolic resin initially deposited on the alumina substrate during vacuum impregnation. By first 
assuming that the combined CMS and alumina sample (CMS membrane) is homogenous in terms 
of carbon coverage, then the total mass is given by the sum of the mass of alumina (malumina) plus 
the mass of CMS (mCMS): 
∑𝑚𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝑎𝑙𝑢𝑚𝑖𝑛𝑎 + 𝑚𝐶𝑀𝑆 (Eq. 6.1) 
It can be assumed that the alumina substrate (consisting of α-alumina) is stable at these 
temperatures and will not contribute to the overall mass loss. In this way, the mass loss in the 
combined CMS membrane sample (mlsample) is allocated to the mass loss of CMS (mlCMS): 
𝑚𝑙𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝑙𝐶𝑀𝑆 (Eq. 6.2) 
If we consider Equation 6.2 at the temperature at which the CMS material has been completely 
removed (~600 °C) then the mlsample = mCMS. However, the target value is the amount of phenolic 
resin deposited during vacuum impregnation and so a relationship between the final mass of CMS 
and the initial mass of phenolic resin must be determined. To solve this problem, it is easier to 
consider the percentage of CMS in the combined sample (m%CMS), i.e. the ratio of initial CMS mass 
to the initial combined sample mass, rather than an absolute value as in Equation 6.3: 
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𝑚%𝐶𝑀𝑆 = 𝑚𝐶𝑀𝑆𝑚𝑠𝑎𝑚𝑝𝑙𝑒 (Eq. 6.3) 
Likewise if we consider the amount of phenolic resin initially deposited as the fraction of phenolic 
resin (m%resin) in the sample then it is possible to develop a relationship between the fraction of 
CMS in the combined sample and the fraction of phenolic resin initially deposited as per 
Equation 6.4. This relationship assumes that the carbonisation process proceeds as per the bulk 
material so that at any given temperature m%resin is the ratio of the m%CMS to the mass (%) of 
phenolic resin remaining at that temperature as determined by the TGA of the phenolic resin as it 
undergoes carbonisation: 
𝑚%𝑟𝑒𝑠𝑖𝑛 = 𝑚%𝐶𝑀𝑆1−𝑚𝑙𝑟𝑒𝑠𝑖𝑛 (Eq. 6.4) 
  
Figure 6.3: (A) Mass of phenolic resin loaded on porous alumina substrates as a function of the 
resin concentration in the precursor solution, and (B) the ratio of phenolic resin mass load over the 
resin concentration. All values were calculated at 600 °C. 
Figure 6.3A shows the results by combining the TGA results from Chapters 4 and 5 and using 
Equations 1 to 4. Interestingly, here the trend appears linear with the mass of resin in the porous 
substrate proportional to the initial resin concentration. This is in contrast to Figure 6.2 which 
appears to show two different regions of density. However, Figure 6.3B displays the ratio of the 
amount of resin loaded on the porous substrate over the concentration of the phenolic resin in the 
precursor solution. Interestingly, the carbon/resin ratio is much larger for the resin concentration 
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1 wt% and from there on the ratio is almost constant. These results match well with the Figure 6.2 
and strongly suggest that there amount of resin impregnated into the porous substrate is much larger 
for low resin concentrations (e.g. 1 wt%) than for higher values which gave steady state ratios and 
indicate proportionality. 
  
 
Figure 6.4: (A) Mass of phenolic resin loaded on porous alumina substrates (600 °C) for a resin 
concentration of 1 wt% as a function of the vacuum time, (B) the ratio of phenolic resin mass load 
over the vacuum time and (C) the rate of phenolic resin deposited as a function of vacuum time. All 
carbon values were calculated at 600 °C. 
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A more interesting result is given using Equations 1 to 4 for the B series CMS membranes, where a 
resin concentration of 1 wt% was studied as a function of the vacuum time impregnation 
(Figure 6.4A). Here it appears that the loading of phenolic resin into the pores of the alumina 
substrate is initially fast with a significant increase (~120%) between 30 s and 120 s. From there on, 
the increase in phenolic resin mass in the combined alumina CMS sample is minimal from 0.62 to 
0.675 wt% of the total sample, as the vacuum time doubled from 300 to 600 s, respectively. Further 
analysis of the data bears out this trend with both the average resin loading (Figure 6.4B) and rate of 
resin deposited (Figure 6.4C) as a function of vacuum impregnation time dramatically decreases 
after 120 s. These results strongly suggest that maximum loading is reached after 120 s of vacuum 
after which time the amount of additional resin deposited in the membrane pores is very small. It 
further suggests that the initial loading of resin in the first 120 s blocks or hinders access to the 
pores such that additional resin cannot be drawn inside the alumina substrate. 
6.4. EFFECT OF PRESSURE DURING VACUUM IMPREGNATION 
Figure 6.5 shows the pressure variation in the inner shell of a tube substrate during the vacuum 
impregnation process.  
 
Figure 6.5: Pressure changing during vacuum impregnation. 
Initially the inner shell of the membrane substrate is at atmospheric pressure whilst the line (and 
pressure transducer) is under vacuum. Upon opening the connecting valve, the inner shell is 
depressurised almost instantly and the pressure recorded by the pressure transducer in the vacuum 
line spikes, before stabilising within 30 s. From thereon, the recorded pressure in the line decreases 
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very slightly until the end of the experiment at 600 s. However, the final pressure recorded appears 
to be inversely proportional to the resin concentration in the precursor solution. In another words, 
the lower the initial resin concentration in the precursor solution, the higher the final recorded 
pressure. For instance, the final, stable pressure recorded at 600 s for precursor solutions with resin 
concentrations of 1, 5, 10 and 20% was 0.010, 0.075, 0.005 and 0.002 atm, respectively. 
 
Figure 6.6: Pressure changing during vacuum time 30 seconds. 
The primary region of interest is the initial pressure spike observed as the connection valve is 
opened, initiating the vacuum impregnation process. For clarity, Figure 6.6 presents a zoomed in 
version (30 s worth) of this unstable pressure region. The initial pressure increase within the first 5 s 
can be attributed to the depressurisation of the inner shell of the substrate which was at atmospheric 
pressure at initial condition. As the volume of air inside the inner shell was small (approximately 
0.6 mL), its contribution the pressure variation was also small and not significant. From thereon, the 
variation in pressure and the rate of change kinetics shows very interesting trends. First, the onset of 
pressure variation is very sharp for all precursor solutions; however the kinetics of this transition is 
clearly a function of the resin concentration. For instance, the precursor solutions with resin 
concentrations of 1, 5, 10 and 20wt% recorded an onset time for the pressure variation spike at 
approximately 5, 7.5, 10 and 18 s, respectively. Similarly, the peak pressure recorded is also 
proportional to the concentration of the resin in the precursor solution and by association the 
kinetics of the spike. In another words, the 1 wt% solution has an onset of pressure variation at 5 s 
which also corresponds to the largest pressure spike, whilst the 20 wt% solution with an onset of 
18 s recorded the lowest pressure spike. However, it is interesting to note that the wavelength of the 
pressure spikes were almost the identical, independent of the peak pressures. In each case the 
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wavelength was approximately 10 s for all peaks, although the 20 wt% resin has hump rather than a 
peak and the exact onset and conclusion is more difficult to determine. 
To further understand the effect of pressure variation, Figure 6.7 shows the pressure variation rates 
(PVRs) for the pressure spike or peak overpressure region. It is interesting to observe that the PVR 
for the pressurisation (i.e. front half of the spike) is also inversely proportional to the resin 
concentration in the precursor solution. Hence, the lower the resin concentration is, the higher the 
PVR. The PVR for the depressurisation (i.e. tail of the peak) follows a similar trend although the 
PVRs are much lower for all resin concentrations. This is because depressurisation process tails off 
as observed in Figure 6.6, thus explaining its lower PVR values. Figure 6.7 suggests that there two 
regions of interests. The first region is associated with high PVRs for the 1 wt% resin concentration. 
The second region is related to resin concentrations equal or higher that 5 wt%, where the PVR 
values are lower and the differences between the PVR values are very small as a function of the 
resin concentration. 
 
Figure 6.7: Peak pressure rate. 
6.5. MASS BALANCE DURING VACUUM IMPREGNATION 
A mass balance was carried out for each membrane by measuring the weight of the precursor 
solution, the weight of the collected solution in the liquid nitrogen cold trap, and the resin 
concentration, as follows: 
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∑𝑚 = 𝑚𝑝𝑠 + 𝑚𝑡𝑢𝑏𝑒 + 𝑚𝑐𝑡 (Eq. 6.5) 
Where mps, mtube and mct are the mass (g) of the precursor solution, tube and cold trap, respectively. 
The two major species of consideration are the resin and solvent whose concentration can be 
represented as xr and xs respectively. Hence, the mass balance can then be carried out for each 
species (xi) as follows: 
∑𝑚. 𝑥𝑖 = 𝑚𝑝𝑠. 𝑥𝑖 + 𝑚𝑡𝑢𝑏𝑒. 𝑥𝑖 + 𝑚𝑐𝑡 . 𝑥𝑖 (Eq. 6.6) 
Prior to vacuum impregnation mtube and mct are zero, thus the total mass equal to the mass in the 
precursor solution: 
∑𝑚 = 𝑚𝑝𝑠 (Eq. 6.7) 
Likewise, the mass balance of each species will follow the same trend at the initial condition: 
∑𝑚. 𝑥𝑖 = 𝑚𝑝𝑠. 𝑥𝑖 (Eq. 6.8) 
Figure 6.8 illustrates the trends of mass loss for the precursor solution by varying vacuum time and 
the resin concentration of the precursor solution. The mass loss increases almost linearly as a 
function of time from 30 s vacuum exposure and is inversely proportion to concentration of 
precursor solution. The weight of the liquid collected in the cold trap is displayed in Figure 6.9, and 
the trends in mass loss are similar as to the precursor solution.  
 
Figure 6.8: Mass loss of precursor solution during vacuum impregnation. 
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The liquid collected in the cold trap was clear and colourless thus suggesting that possibly the 
solvent species is dominant. The liquid was further analysed by UV-Vis, which showed phenolic 
resin readings below the minimum detectable level. The mass in the cold trap is given by: 
𝑚𝑐𝑡 = 𝑚𝑐𝑡 . 𝑥𝑟 + 𝑚𝑐𝑡. 𝑥𝑠 (Eq. 6.9) 
Hence, for all intents and purposes the resin concentration was considered to be negligible (xr=0) in 
the cold trap, and the mass in the cold trap is equal to the mass of the solvent, methanol, as follows: 
𝑚𝑐𝑡 = 𝑚𝑐𝑡 . 𝑥𝑠 (Eq. 6.10) 
 
Figure 6.9: Mass of liquid collected in the cold trap during vacuum impregnation processes. 
Figure 6.8 showed the mass loss in the precursor solution from an initial condition (i.e. prior to 
vacuum impregnation) to a final desired condition (i.e. vacuum time). The precursor solution was 
also analysed by UV-Vis prior and after testing to determine the concentration of the phenolic resin. 
Therefore, the only unknowns left are the mass of precursor solution containing both solvent and 
resin retained in the porous substrate. The TGA analysis in Sections 6.3 and 6.4 above generally 
showed that the amount of resin impregnation was very small. Hence, measuring the mass of the 
membrane tube prior to and following vacuum impregnation would naturally lead to large 
experimental errors, particularly as the mass of the tube is several orders of magnitude higher that 
the mass of the resin in the tube. The FTIR results in Chapter 5 showed that methanol remained 
adsorbed to CMS structure. However the adsorbed values are deemed to be very low and for all 
purposes the concentration of solvent is negligible (xs = 0). Hence, the mass of the species in the 
tube is: 
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𝑚𝑡𝑢𝑏𝑒 = 𝑚𝑡𝑢𝑏𝑒. 𝑥𝑟 (Eq. 611) 
The mass balance can now be solved from an initial given time condition (ti) to a final condition (tf) 
as per following equations: 
𝑚𝑡𝑢𝑏𝑒 = 𝑚𝑝𝑠. 𝑥𝑟(𝑡𝑖) −𝑚𝑝𝑠. 𝑥𝑟�𝑡𝑓� − 𝑒1 (Eq. 6.12) 
𝑚𝑐𝑡 = 𝑚𝑐𝑡 . 𝑥𝑠(𝑡𝑖) −𝑚𝑐𝑡. 𝑥𝑠�𝑡𝑓� − 𝑒2 (Eq. 6.13) 
Equations 6.12 and 6.13 in principle include an error term (e1 and e2) which is associated with 
minor amounts of liquid observed in the closed end part of the experimental apparatus containing 
the membrane substrate tube after vacuum impregnation and any losses via evaporation of methanol. 
Both these amounts of liquid were minor and very difficult to measure, particularly as the solvent 
methanol evaporates very quickly. The solvent mass balance (Equation 6.13) is already given in 
Figure 6.9. The resin and solvent retained in the substrate (Equation 6.12) as a function of vacuum 
time and resin concentration in the precursor solution is shown in Figure 6.10. To give a more 
meaningful value to the mass balance, Figure 6.10 shows the amount of resin and solvent retained 
per membrane surface area. Although it could be argued that the resin and solvent impregnated to a 
certain depth the substrate, in fact it is difficult to ascertain the depth of impregnation by SEM 
spectroscopy. In addition the impregnation depth may also be a function of the porosity of the 
substrate. Hence, normalisation of resin and solvent impregnation per surface coverage area 
provides a better yard stick. 
 
Figure 6.10: Weight of phenolic resin and solvent inside of tube porous substrate. 
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Furthermore, Figure 6.10 clearly indicates that there are two regions associated with the effect of 
vacuum time which is common to all precursor solutions. The first region is up to 90 s, where the 
rate of resin in tube increases at a fast rate. The second region starts from 120 to 600 s, where resin 
retained by the tube increases at a lower rate. Based on the TGA analysis of Figure 6.4 above, the 
results in Figure 6.10 suggest that there may be up to two mechanisms at play here. Firstly, as 
argued in Section 6.4 above, as resin is deposited in or on the porous alumina substrate it hinders or 
blocks access and does not allow additional resin to be deposited. Contrastingly it is possible that 
the amount of solvent adsorbed in the CMS matrix is the largest at the initial stages of vacuum 
impregnation of 30 s, and then reduces from there on. Thus whilst it appears that more resin is 
initially deposited, the additional mass is actually adsorbed solvent, which is later removed by the 
action of the vacuum. This reasoning is related to the kinetics of solvent desorption, as short time 
vacuum exposure does not provide enough time for desorption to be effective. However, this is 
impossible to verify and the initial ‘blocking’ explanation fits both the TGA and mass balance data 
more closely. 
6.6. DISCUSSION 
6.6.1. Phenolic resin formation 
This chapter focuses on the investigation of the formation of CMS membranes with varying 
performance through the mechanism of pore filling of the alumina substrate with phenolic resin by 
vacuum impregnation. Elucidating the fundamental understanding of how the vacuum impregnation 
technique influences the CMS formation process is critical for the production of high quality 
membranes. 
Prior to carbonisation process, the substrates were immersed in a precursor solution containing the 
Novolak phenolic resins, formaldehyde and hexamethylenetetramine (HMTA) as the curing agent 
in methanol. The chemistry of phenolic resins is well recognised through the polycondensation 
reaction between the phenols and formaldehyde to generate a three-dimensional network (Knop and 
Scheib 1979; Knop and Pilato 1985). This is achieved by using an acid catalyst such as sulfuric 
acid, sulfonic acid or oxalic acid. Depending on the acid, formaldehyde and phenol concentrations, 
the polymerised Novolak resins possess a broad molecular weight distribution ranging between 500 
to 5000 g mol–1 which consisted of linear and branched chain polymers.  
The formation of the Novolak resins is a multi-step process which is described comprehensively in 
a previously published work (Kopf 2002). To summarise the reactions for brevity, firstly, the 
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methylene glycol (resonating form of formaldehyde) is protonated forming the hydroxymethylene 
carbonium ion that acts as a hydroxyalkylating agent. In the second step, through electrophilic 
aromatic substitution, a pair of electrons from the benzylic ring attacks the carbonium ion (i.e. 
electrophile) and readily forms the benzylic carbonium ion. This is followed very quickly by 
condensation with another phenol species in the ortho and para positions on the benzylic ring and 
this polymerisation process continues until the formaldehyde is exhausted.  
Another important aspect of the crosslinking reaction of the resins to bear in mind is the curing 
process during heating. Typically, the formation of the resin is achieved by incorporating HMTA 
for thermo-curing in producing the thermosetting polymer which has been reported extensively by 
Sojka et al. (Sojka, Wolfe et al. 1979; Sojka, Wolfe et al. 1981) and Zhang et al. (Zhang, Looney et 
al. 1997; Zhang, Potter et al. 1998; Zhang and Solomon 1998; Zhang and Solomon 1998) using a 
combination of NMR and FTIR spectroscopies. The curing process involving the resins and HMTA 
are typically reported to occur above 80 °C hence would only be observed during the initial stage of 
the carbonisation process but not during the vacuum impregnation. 
6.6.2. Mechanisms of CMS formation as a function of the resin concentration 
During the vacuum impregnation process, the precursor solution was varied by changing the resin 
concentration from 1 to 40 wt% using a vacuum impregnation time of 600 s, based on results 
obtained in Chapter 5. Figure 6.11 shows a schematic of the porous alumina substrate and the resin 
impregnation process as a function of resin concentration in the precursor solution and their 
respective SEM images of the CMS membranes. In this process, the resin solution is drawn across 
by the vacuum which provided the main driving force for the resin impregnation into the substrate 
pores. As depicted in Figure 6.11A the porous structure of the substrate is imagined to be quite 
tortuous with a certain degree of interconnectivity which is linked together by both the macroporous 
and the mesoporous domains created by the inter-particle space of the alumina substrate particles. 
It is important to emphasise that the precursor solution used in the vacuum impregnation process 
contains high molecular weight Novolak resins, formaldehyde and HMTA and that during the initial 
stages of vacuum impregnation, it is expected that the reactions of resin polymerisation, polymer-
polymer entanglements and crosslinking would be occurring simultaneously to the impregnation 
process. Furthermore, by increasing the resin concentration in the precursor solution, the reaction 
rate of the polymerisation increases proportionally to the formaldehyde and phenolic resin 
concentrations (Kopf 2002). Therefore the higher the precursor concentration (>20 wt%) the greater 
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the extent of resin polymerisation and crosslinking to form longer and larger linear and branched 
molecules.  
 
Figure 6.11: A scheme representing (A) the pore structure of the alumina substrate, (B) the effect of 
vacuum impregnation with respect to precursor solution concentration and (C) their respective 
cross-sectional SEM images of the final carbonised CMS membranes with the scale bar of 1 μm. 
An increase in the carbon density within the porous substrate would therefore be expected and was 
in fact observed in Figure 6.2. In addition, polymer-polymer entanglement is expected to be more 
prevalent at higher resin concentrations. As polymer crosslinking and entanglement occur 
simultaneously, the phenolic resins crosslink inhomogeneously forming a physical network which 
can lead to phase separation and temporarily insolubility (Izumi, Nakao et al. 2013). In this sense, 
as shown in Figure 6.11B, the impregnation efficiency (and likewise depth of impregnation) is 
severely retarded as the high molecular weight phenolic resin polymers as well as their 
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entanglement species serve to block the pores of the alumina substrate. As a result of this, a build-
up of the resin layer occurs on the substrate surface which is anticipated to grow larger over the 
time course of vacuum impregnation. This is particularly applicable at the pore entrances which in 
turn compromise the depth of resin impregnation into the porous substrate. It is therefore 
hypothesised and later observed that the depth of impregnation is shallower for 40 wt% precursor 
solution compared to that of the 1 wt% solution. 
At low precursor concentrations, as shown in Figure 6.11B, the length of the polymer chain and 
branching are expected to be significantly smaller and thus the probability of polymer-polymer 
entanglement is lower since the resins are much more diluted. In this case, the resins and methanol 
are easily drawn into the substrate without significant pore blocking and retardation over the time 
course vacuum impregnation. This results in a more homogenous and deeper impregnation 
throughout the substrate. This mechanistic model also predicts that at lower precursor 
concentrations there should be an increase in methanol solvent collected in the cold trap as the 
permeation pathway for methanol is more open. This was indeed observed as evidenced in 
Figure 6.9. 
The final aspect of CMS membrane morphology as a function of precursor resin concentration is 
the surface coverage of the resin on the top surface of the substrate. Figure 6.11A and 6.11B 
illustrate the difference in the surface morphology as analysed by SEM and the cross-section 
schematic of the microstructure of the CMS membrane. As previously mentioned, the lower 
precursor concentration (1 wt%) produces a more homogenous impregnation without any pore 
blocking whereas that higher precursor concentration (40 wt%) lead to pore blocking and surface 
build-up. This is clearly demonstrated by the SEM images of the CMS membrane surface as shown 
in Figure 6.12 where one can clearly observe the alumina particles on the surface of the 1 wt% 
CMS membrane, but the surface of the 40 wt% CMS membrane appears to be quite smooth without 
the presence of the alumina particles of the substrate. This clearly demonstrates that this membrane 
is completely covered by the resin on the surface. Likewise, the density of the CMS membrane 
(Figure 6.2) is greater for the higher precursor concentrations which contributed to the reduced 
fluxes observed for the 40 wt% CMS and A40 membranes as discussed previously in Chapter 5. In 
such a case the effective membrane thickness and tortuosity are greater than their lower 
concentration counterparts, which in turn, directly reduce membrane fluxes under identical testing 
conditions. 
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Figure 6.12: A scheme representing the formation of membrane microstructure of the CMS 
membranes for precursor concentration of (A) 1 wt% and (B) 40 wt% their respective SEM images 
of surface morphology of the final carbonised CMS membranes. 
6.6.3. Mechanisms of CMS formation as a function of vacuum time impregnation 
The study of vacuum impregnation time is another important parameter which demonstrated an 
interesting effect on membrane performance. As was elucidated in Chapter 5, increasing vacuum 
time significantly increases the membrane flux whilst maintaining good salt rejections. This is 
counterintuitive as common sense supports that a longer vacuum time leads to more of the 
impregnated resin into the substrate (see Figure 6.4) at 600 s and more CMS in the alumina 
substrate pores should produce a more dense CMS and subsequently decrease the water flux. 
However, the best membrane performance was observed for the 300 and 600 s of vacuum time.  
Figure 6.13 shows that at low precursor concentration (1 wt%), that the depth of resin impregnation 
is a function of the vacuum time. In fact, at shorter time of 30 s or less, the resin initially forms a 
dense layer on the substrate surface. Due to the fact that the phenolic resin has a broad molecular 
weight with about 20% branching (Sojka, Wolfe et al. 1979; Ishida, Tsutsumi et al. 1981), 
theoretically the formation of resin layer on the surface as a result of polymer entanglement is 
possible. However, for short vacuum impregation times, it seems that the formation of the resin film 
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is directly associated with a dip coating type of process rather than to a vacuum impregnation. For 
short time exposures, Figure 6.5 shows a high pressure instability as pressures increase and decrease 
rapidly and it may take over 90 s for steady state to be achieved. These results suggest that the top 
layer observed in Figure 6.13 for the short 30 s exposure offers a large resistance against the 
vacuum. This view is also supported the small amount of solvent measured in the cold trap (see 
Figure 6.9), with a clear indication that the initial diffusion of solvent was small. 
 
Figure 6.13: A scheme representing the resin impregnation depth and membrane thickness as a 
function of the vacuum time their respective cross-sectional SEM images of the final carbonised 
CMS membranes with the scale bar of 1 μm.  
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However, with an increasing vacuum time this physical resin network can be plasticised and 
(re)solubilised by the movement of the methanol solvent front through the substrate as a function of 
the chemical potential gradient. This process is dictated by the polymer-solvent interaction via 
swelling and solubility parameters. In general, the solvent penetrant uptake by the network pores in 
polymers can be assumed by Fickian diffusion mechanism which has been derived for various 
polymeric substrate geometries (Korsmeyer, Lustig et al. 1986; Lustig and Peppas 1987; Lustig and 
Peppas 1988; Lin and Metters 2006; Vesely 2008). However, this parameter is strongly influenced 
by the increasing complexity of the interaction between polymer architecture, functional groups and 
the solvent. Peppas et al. developed a simple and useful empirical equation for determining the 
mechanism of solvent and solute diffusion in polymeric networks (Peppas, Huang et al. 2000). This 
equation assumes time-dependent power law functions, as described in Equation 6.14. 
𝑀𝑡
𝑀∞
= 𝑘. 𝑡𝑛 (6.14) 
Here, the uptake ratio is determined by the amount of solute at time t, Mt, and the initial amount of 
solute at time infinity, M∞, where k is a structural/geometric constant for a particular system and n is 
designated as the diffusional exponent. In this equation, if vacuum time is extended to allow solvent 
penetration into the physical network of the resin layer and thus initiate the process of polymer 
dissolution then it is possible that the initial resin layer can be dissolved and redeposited deeper into 
the substrate pores with increasing impregnation time. Hence at longer vacuum times (>120 s) the 
resin layer becomes plasticised and partially (re)dissolved by the methanol and the resin fragments 
are carried forward by the diffusing methanol solvent into the substrate where they are deposited in 
the labyrinths of the porous substrate leading to a homogenous distribution of the impregnated 
resins within the substrate pores. This is illustrated schematically in Figure 6.14 where the dissolved 
resins inside a pore constriction (or inter-particle space are shifted to the next pore in the direction 
of the vacuum. In this way, the initial dense film is not formed on the surface but rather distributed 
throughout the substrate reducing the carbon density, pore tortuosity and effective membrane 
thickness. Therefore, the CMS membranes prepared at longer vacuum time possessed the ideal 
microstructure which is responsible for the water flux behaviour which is found to be a function of 
vacuum time. 
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Figure 6.14: A scheme representing the mechanism of resin impregnation and membrane formation 
of the CMS membranes for vacuum time of ≤ 30 s (Region A) and ≥ 120 s (Region C). 
6.7. CONCLUSIONS 
The formation and microstructure of the CMS membranes produced in Chapter 5 were investigated 
as a function of precursor resin concentration and vacuum impregnation time with a view to 
establishing structure-property relationships that explain membrane performance. TGA data were 
used in conjunction with mass balance calculations to ascertain: (i) the amount and (ii) the rate of 
deposition of the phenolic resin on the substrate during vacuum impregnation. The concentration of 
the resin precursor solution had a significant influence on the membrane formation and the final 
membrane structure. Higher resin concentrations enhanced the resin polymerisation process leading 
to larger resin particles and a greater chance of polymer-polymer entanglement. These in turn 
blocked the pores (typically at the pore entrance or in pore constrictions) of the alumina substrate 
yielding membrane morphologies similar to a thin-film as deposited via traditional dip coating. 
These films exhibited higher densities and their large effective membrane thickness were the 
primary reasons for the low water fluxes observed in Chapter 5 (series A membranes). In contrast 
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the lower resin concentrations exhibited slower polymerisation reactions and consequently had 
fewer polymer-polymer entanglement opportunities, leading to a less dense CMS membrane that 
was highly dispersed (but ultimately connected) throughout the alumina substrate. The reduced 
density and correspondingly lower tortuosities were the primary reasons for the larger water fluxes 
exhibited in these membranes in Chapter 5. The connectivity of the distributed CMS membrane was 
evidenced by the high salt rejections observed in Chapter 5. 
The effect of vacuum impregnation time also had a significant effect on the final CMS membrane 
structure, although the mechanism of formation was more complex. Chapter 5 showed that for a 
1 wt% precursor solution increasing the vacuum time actually increased the water flux which is 
counterintuitive as a longer vacuum time should result in more resin being deposited in the pores of 
the alumina substrate. However, TGA and mass balance data showed that whilst the initial 120 s of 
vacuum time increased the amount of resin by more than 120%, the rate of deposition slowed and 
subsequent increases in vacuum time did not substantially increase the amount of resin deposited. 
Furthermore, SEM analysis tied to an understanding of the resin curing mechanism showed that at 
low concentrations the formation of a thin-film during the initial 30 s was possible, however the 
structure still allowed the permeation of the methanol solvent which served to plasticise and 
(re)solubilise the resin particles and drew them deeper into the substrate with the advancing 
methanol front. This mechanism was made possible by utilising the lowest resin concentration 
where the polymerisation reactions proceeded slowest and entanglement opportunities were most 
scarce and so dissolution of the resin was possible. In contrast the higher resin concentrations did 
not allow this process to proceed as the faster polymerisation and greater entanglements enhanced 
cross-linking, hindering possible dissolution and (re)deposition of the resin. 
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6.9. APPENDIX 
 
Figure A2: Mass change for alumina substrate and empty crucible. 
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7.1. CONCLUSIONS 
This thesis focused on the advancement of inorganic membranes for desalination by pervaporation 
(PV). In particular, this thesis endeavoured to overcome the current performance limitations of 
inorganic membranes by developing novel carbon molecular sieve (CMS) membranes with high 
water flux at room temperature. The key technical contributions of this thesis are set out below. 
The first contribution of this thesis is that this is the first report on the successful preparation of high 
performance CMS membranes via a novel and unconventional method of phenolic resin 
impregnation into alumina porous substrates via a vacuum pressure gradient. The vacuum 
impregnation method delivered optimal pore size tailorability, thus allowing for the diffusion of the 
smaller molecules (water) whilst hindering to a large degree the passage of the larger molecule 
(hydrated ions). As a result water fluxes of 20 to 30 kg m–2 h–1 with salt rejection in excess of 95% 
where observed, depending upon the feed water salt concentration and testing temperature. The 
outstanding performance of the CMS membranes prepared by vacuum impregnation strongly 
suggested that resistance to water diffusion was greatly reduced in comparison to previous studies, 
as the water fluxes were one to two orders of magnitude higher than other inorganic membranes 
(silica and zeolites) for desalination applications. This work shows for the first time that the 
performance gap between RO and PV inorganic membranes can be closed. 
The second contribution is related to the counterintuitive finding that the longer vacuum 
impregnation time resulted in CMS membranes delivering higher fluxes than those with shorter 
vacuum times. These results were observed despite the amount of resin being deposited into the 
porous substrate increasing with vacuum impregnation times. It would be expected that the amount 
of resin and following carbonisation, CMS, embedded in the pores of alumina substrate would be 
proportional to the water flux, yet this was not the case here. The unconventional vacuum 
impregnation method proved to be novel and delivered unexpected results even when compared 
with more traditional coating methods such as dip coating, suggesting that the fabrication process 
and not the material itself was responsible. This was confirmed by a parametric optimisation study. 
The optimal membranes were found to contain the lowest phenolic resin concentration (1 wt%) in 
the precursor solution, the longest vacuum impregnation time (600 s), at temperatures of 700 °C and 
the smallest substrate pore sizes of 140 nm. There was a good correlation between bulk CMS 
characterisation and the membrane performance in terms of temperature suggesting that the CMS 
nanostructure was unchanged regardless of the fabrication method. As hypothesised the substrate 
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morphology was of primary importance with large pore sizes resulting in ineffective membranes. A 
Chemometric mathematical model was used to analyse the optimisation of the best membranes, 
which found a high correlation between vacuum impregnation time and water fluxes, thus 
confirming the counterintuitive findings. 
The third contribution of this thesis is postulating a mechanistic model to explain the effect of 
preparation conditions, especially the vacuum time which was a counter intuitive finding as 
discussed above. It was found that short vacuum times (30 s) formed a thin film on the top of the 
substrate, similar to a dip coating method. This film was ineffective as it provided incomplete 
coverage, was inhomogeneous and had a high resistance to water diffusion. Hence, the model in this 
thesis proposes that the longer vacuum impregnation time allowed for solvent to dissolve the resin 
of the top thin film at the interface between the porous substrate and the precursor solution. This 
continuous process resulted in the resin penetrating further into the porous matrix where 
polymerisation occurred. As a consequence, the phenolic resin spread evenly inside the porous 
substrate as the solvent front advanced towards the vacuum. This generated a disperse series of 
CMS constrictions inside the larger alumina pores which functioned as a membrane with a thin 
effective thickness, so the mass transfer resistance for water molecules decreased, whilst 
maintaining the high salt rejection capabilities. 
In summary, the outstanding water fluxes coupled with high salt rejections achieved in this thesis 
are a proof that inorganic membranes operated under PV conditions can be competitive against 
other conventional desalination processes. The contributions of this work set a pathway to take the 
CMS inorganic membranes towards industrial deployment. 
7.2. RECOMMENDATIONS FOR FUTURE WORK 
This thesis has provided a window of opportunities for future development of CMS inorganic 
membranes for desalination. There are many areas of further development that are envisaged, which 
warrants further research as discussed below: 
• This work has focused solely on resin carbonisation embedded in porous alumina substrates. 
However, there is an array of carbon precursors including polymers, mixed colloidal 
matrices with surfactants which could be researched in order to improve the already 
outstanding performance of the CMS membranes in this thesis. 
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• Furthermore, different porous substrates could be used for the preparation of CMS 
membranes. It was shown that the TAMI substrates (commercially purchased from France) 
with interlayers of average pore sizes of 140 nm were also effective in producing high 
performance CMS membranes. This work could be extended to membranes with 
hierarchical top layers, and coupled with different carbon substrate solutions. 
• Testing the membranes using real seawater or groundwater would provide further validation 
of the capabilities of CMS membranes. All the desalination tests in this thesis were solely 
carried out using synthetic sodium chloride solution. As all membranes suffer from fouling, 
then seawater testing would provide a real measure of how competitive CMS membranes 
would be against RO membranes. 
• CMS membrane series D-J were for ~350 hours under varying temperatures and feed salt 
concentration. As these membranes were stable, CMS membranes should be scaled up and 
long term tested for at least 2000 hours as a proof-of-concept technology using real brackish 
or sea water. 
Finally, modelling the CMS membrane should be carried out. This is particularly important as the 
water flux is very high, so the possibility of salt concentration polarisation would increase. 
Computational fluid dynamics (CFD) could be used to design membrane modules that may reduce 
concentration polarisation through the use of turbulence inducers such as baffles or faster cross flow 
velocities to increase the overall performance. 
